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Artificial Gravity Assessment Study 


This section assesses the STCAEM reference vehicles' (CAB, NTR, SEP and 
NEP) adaptability to artificial gravity (ga). Penalties for each case are presented with a final 
mass comparison. Human factors assumptions for the study are based on historical studies 
on human adaptability to artificial gravity. 

The CAB configuration employs a planar beam armature with three conductive, 
ribbon-section tethers. Co mmuni cations and power are located, despun, at the CM for 
constant tracking capabilities. The CAB configuration has approximately a 15 % mass 
penalty over the |ig version because of the added components and propellant required. 
Packaging the undeployed teel/crawler mechanisms requires a slightly larger aerobrake than 
for the |ig case. If the MTV aerobrake is not retained (that is, for non-reusable mission 
scenarios), a very long tether system (> 2 km) is required on the return trip. 

The NTR configuration is the least affected by artificial gravity requirements. The 
main change in the artificial gravity configuration is a lengthened truss to allow a 56 m 
radius to the transfer hab. The drop tanks are positioned at the CM so that the center of 
rotation does not move as they are dropped; no deployable truss or tether is needed. The 
mass penalty for the NTR artificial gravity vehicle is on the order of less than or 

equal 10 %. 

Artificial gravity for continuous thrust systems (SEP and NEP) is not as simple as 
for cryo and nuclear thermal systems because of the "spinning-while-thrusting" problem. 
Either high power spin-joints, or cross-product engine assemblies tend to be required. A 
possible solution to this problem is to fly in pg for most of the trip, spinning up only at 
mid-course no-thrust intervals and upon arrival at Mars. On conjunction class missions, 
where stay time s at Mars are up to 600 days, the vehicle can be spun-up in Mars orbit to 
recondition the crew prior to landing. 7 SEP and 2 NEP options have been evaluated, 
and a new concept has been selected, called an eccentric rotator. This avoids virtually all 
g a penalties for SEP, but still requires high-power roll rings for NEP. Preliminary 
estimates of mass penalties for EP vehicles are of order 5 %. 
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Cryogenic/Aerobrake Vehicle 
Artificial Gravity Configuration 


The CAB artificial gravity configuration uses tethers to achieve the 56 m spin 
radius required to produce lg at 4 rpm. This rotation rate is currendy the maximum 
thought allowable to avoid transient vestibular disturbances for most people. The tethers 
used are conductive tethers to simplify the mechanics of power transmission from a despun 
photovoltaic array to the end-mass vehicles. The tether is ribbon shaped to reduce the 
possibility of entanglement during the reeling cycles, to better facilitate "crawler" 
operations, and because it radiates heat (generated resistively during power transmission) 
better than a circular cross-section of the same sectional area. 


The configuration is a planar "beam" arrangement of three tethers, with crawlers 
and despun solar array and communications laser located at the CM. The MTV propulsion 
system is split symmetrically, forming a yoke around the habitat system. This allows the 
habitat system to be detached and removed simply from it original position. Post-TMI, the 
transfer hab separates in this manner, remaining contiguously connected with the MEV; the 
MTV aerobrake and TEI propellant become the g a countermass. The Mars to Earth 
configuration uses the MTV aerobrake and the empty TEI propellant tanks as countermass, 
which necessitates a longer countermass radius to maintain a 56 m separation between the 
crew systems and the center of rotation (CM[). In a nonreusable scenario, the MTV 
aerobrake is jettisoned at Mars; this saves TEI propellant but requires a much longer 


coun 


Mill 


ass tether radius for the return trip: over 2 km. 


The crawler/mast/power assembly at the CM includes deployable trusses that 
separate the tethers into the wide-beam spin-configuration, yet package tightly for stowage 
beneath the MTV habitat system for \Lg mission phases (including aerobraking). The 
solar array and the communications laser are on despun joints for independent tracking of 
the sun and Earth. The crawler mechanism is divided into two sections, so that one section 
can always be at the CM to support the deployable truss and the tether while the other is 
performing its transportation function. Each crawler has small solar arrays for its motive 
power. When stopped at the CM, each crawler contacts exposed portions of the aluminum 
conductors inside the tethers, to transfer power from the solar array to the end-mass 

vehicles. 
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The g a CAB mass penalty, when compared to a reusable |ig version, is 
~ 15 %, because of the hardware and spin-up/down propellant required to support 
artificial gravity operations. Accommodating the tether reel, crawler, solar arrays, and 
communications laser below the transfer habitat requires a 32 m aerobrake, slightly larger 
than the 30 m baseline CAB brake. Technology penalties include accessible-conductor 
tethers, and rotating joints for the solar array and communications laser. Operations 
penalties inc lude maintenance of the mechanical systems required for ga, and the EVA 
complications associated with using tether crawlers for end-to-end mobility. 
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g a Cryo/AB Configuration 
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Cryo/AB Configuration 
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Art-g (1-g) Chem/aerobrake Vehicle for the 2015 Opposition Mission 

4 RPM tether sys, 4 spinup I down maneuvers, Crew of 4, ECCV return, 565 day total trip time 
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TMI stg - MTV for Artificial-g (1-g) 2015 Chem/Aerobrake Veh 

4 RPM, 4 spinupldown maneuvers, ECCVReturn, 4 x 200k Ibf adv eng’s: Isp = 475 



B615-10026-1 


563 


synthesis model ran fmarschemmtv.dat;33 
Mac chart M I -g TMI wl-rationale 



Conductive Tethers 
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Conductive Tethers 
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Conductive Tether Properties 
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Cryo/AB Vehicle Features 
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g a Cryo/AB Tellier Deployment Scenario 
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Cryo/AB Tether Deployment Scenario 
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Reverse scenario after TEI using MTV All and propellant tanks as countermass to transfer habitat 

Alternative 

Deploy tether to twice intended length, small AV for rotation, then reel tether to nominal lenotli 
- saves propellant, but increases tether mass 6 




g a Cryo/AB "Crawler/Mast" Configuration 
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Cryo/AB " Crawler/Mast" Configuration 
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g a Cryo/AB Packaging Configuration 
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ryo/AB Packaging Configuration 






U 

a 

01 





2 


D615-10026-1 


575 


Qir*Al7Murnui. 


Tether Crawler Configuration 
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Tether Crawler Configuration 
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STT APM/rrfni M.vOrt 
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Cryo/AB Mass Statement 
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g a Cryo/AB Penalty Assessment 
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Cryo/AB Penalty Assessment 
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• Spin-up/spin-down cycles 

- Mid-course correction problems 
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Nuclear Thermal Rocket Vehicle 
Artificial Gravity Configuration 


The NTR artificial gravity (g a ) configuration looks exactly like the fig 
configuration, except longer. A rigid spinner, it uses the crew systems as one end mass 
and the reactor/engine as the other. The vehicle rotates nominally at 3.98 rpm outbound 
(56.5 m to create lg) and 3.83 rpm inbound (61 m to create lg). The truss used is 
similar to that in the pg configuration, but actually carries weight in the induced gravity 
field. The spin radius of the habitation system is practically constant with mission phase 
because the Earth departure and Mars arrival drop-tanks are located at the vehicle CM. 
Four spin-up/spin-down cycles are presumed for the nominal mission case. 

The NTR vehicle concept is the most amenable to adaptation for artificial gravity of 
any of the reference vehicles, because its pg and ga manifestations are so similar. Only a 
longer (perhaps stronger) truss, added RCS and TMI/TEI propellant, and despun 
mountings for power and communication systems are required. 
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NTR Vehicle Features 
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• Nominally 4 spin-up/spin-down cycles 

- Earth arrival propellant and engine used as countermass 



g a NTR Configuration 
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NTR Configuration 










(l/3g) NTR Configuration 




NTR Mass Statement 
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Crew liab mod - MTV for 2005 Conj Arl-g (Mars-g) NTR Veh 

Art-g [Mars g], Crew of6, 983 day total trip time 6/5/90 
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D615-1001:6-1 


Af7V hab mod consumables, resupply, and transit science dependant on mission duration, and free abort Mac chart: M NTR 2005 Coni mod Arte 

requirement, i.e. crew mod 'wet' wt will vary for different missions ’ 8 

n JJ synthesis model ninU marsnirmiv 






2005 Conj Art-g (Mars-g) NERVA NTR Vehicle: 

Frame, propulsion sys, Artificial-g sys, & shield wt: Isp = 925 mm 












Mars dep & Earth capt stages - 2005 Conj Art-g (Mars-g) NTR Veh 

14% tank fraction, 3% cooldown penalty, 2% prop margin, Isp = 925 sec 6/5/90 
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I572J Combined Mars capt A Mars dep 64480 Total for' Mars caplure/Mars dep/Earlh air tank set * at time of TMI bum 

A Earth arrtank set A prop load 

|I7I] IMLEO 605340 
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Solar Electric Propulsion Vehicle 
Artificial Gravity Configuration 

The solar electric vehicle (SEP) artificial gravity (ga) concept presents complications 
not present in the lower-performance propulsion concepts. For full-fledged ga conditions, 
EP vehicles pose the problem of spinning while thrusting. [An alternative, operational 
solution may be to fly |ig for most of the trajectory, spinning only during the midflight 
coast intervals (25 to 60 days) and upon arrival at Mars. For STCAEM purposes, 
however, it is essential to pursue the outcome of a vehicle required to provide artificial 
gravity for the entire flight] Because the thrust vector must average tangential to the flight 
path, the fundamental configuration trade-off is between rotating, high-power transfer 
assemblies (for the spin vector normal to the ecliptic) and spin-vector precession (for any 
other orientation). 

Of the many possible configuration options identified by STCAEM, the one was 
chosen that is similar both to the jig SEP and to the NEP ga concept. This configuration 
concept, called an eccentric rotator , avoids tethers, complex extendible booms or 
deployable trusses. All components are rigid and the design is simple. 

The fundamental concept is that the large solar array is split in two, leaving a gap or 
slot within which spins a rigid boom supporting the habitable systems. The optimal shape 
of the two solar array halves has not yet been determined. A single, double-ended slipring 
assembly (which transmits only habitation-system power levels) is used to despin the 
vehicle bus. No deployment mechanism is required to change the habitat system separation 
when the MEV mass is lost. Instead, the rotation rate is adjusted to provide lg in the 
center of the long-duration habitat, according to the habitat's actual separation from the 
current vehicle mass center , which shifts after MEV operations. Thus the mass center is 
not necessarily axially aligned with the engine outrigger or geometric center of the solar 
array, although it always remains at the zenith relative to the habitat floors. When the mass 
center is not along the outrigger axis, the outrigger and solar array also orbits the mass 
center. The engine assemblies therefore trace out circles as they thrust, although the thrust 
vector orientation remains fixed. For low-thrust systems in particular, this is expected to 
cause no problems. The solar array, main structure and engine assemblies are used as the 
countermass to the crew systems. 
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Artificial Gravity for Continuous Thrust Systems 
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- u g lor most or trajectory 

- g^(no precession) for last 15d before Mars arrival 
(re-conditioning period) 

- g a possible for mid-course no-llirust interval (25-60d) 

- full conditioning not perfomance - driven for Earth return 
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Soiar Electric Propulsion Vehicle 

Option 2C 
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Solar Electric Propulsion Vehicle 

Option 4 
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Solar Electric Propulsion Vehicle. 

Option 5 
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Eccentric Thrusting for g a Electric Vehicles 
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Eccentric Thrusting for Artificial Gravity 

Electric Vehicles 
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Dumb counteimass not required . Changing payload mass accommodated 

through changing rotation rate 

Direction of thrust remains constant 

• Minimizes payload structure 

Habitation radius can be fixed 






ga SEP Eccentric Rotator Requirement 
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Nuclear Electric Propulsion Vehicle 
Artificial Gravity Configuration 


The nuclear electric vehicle (NEP) artificial gravity (g a ) concept presents 
complications not present in the NTR and CAB/CAP concepts. For full-fledged ga 
conditions, EP vehicles pose the problem of spinning while thrusting. [An alternative, 
operational solution may be to fly |ig for most of the trajectory, spinning only during the 
midflight coast intervals (25 to 60 days) and upon arrival at Mars. For STCAEM 
purposes, however, it is essential to pursue the outcome of a vehicle required to provide 
artificial gravity for the entire flight] Because the thrust vector must average tangential to 
the flight path, the fundamental configuration trade-off is between rotating, high-power 
transfer assemblies (for the spin vector normal to the ecliptic) and spin-vector precession 
(for any other orientation). 

Of the many possible configuration options identified by STCAEM, the one was 
chosen that is s imilar both to the |ig NEP and to the SEP ga concept. This configuration 
concept, called an eccentric rotator, avoids tethers, complex extendible booms or 
deployable trusses. All components are rigid and the design is simple. 

The fundamental concept is that the spine of the jig NEP configuration is 
intersected orthogonally by a lightweight, symmetrical engine outrigger. The ion engine 
assembly is split between the two ends of this outrigger, and these are despun from the rest 
of the vehicle so as to remain properly oriented for thrusting throughout the flight. No 
deployment mechanism is required to change the habitat system separation when the MEV 
mass is lost Instead, the rotation rate is adjusted to provide lg in the center of the long- 
duration habitat according to the habitat's actual separation from the current vehicle mass 
center , which shifts after MEV operations. Thus the mass center is not necessarily axially 
aligned with the engine outrigger, although it always remains at the zenith relative to the 
habitat floors. When the mass center is not along the outrigger axis, the outrigger also 
orbits the mass center. The engine assemblies therefore trace out circles as they thrust, 
although the thrust vector orientation remains fixed. For low-thrust systems in particular, 
this is expected to cause no problems. The reactor/power assembly along with the primary 
radiators are used as the countermass to the crew systems and the secondary radiators. 
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MTV/MEV Mission Scenarios 


This section shows several items that must be considered in mission scenarios to define 
unified requirements for a complete mission; that is coordinating the operations of the MTV 
and MEV, particularly those areas that are of concern to LEVEL II. 

The difficulty of a mission is defined by several factors. This includes the time frame the 
mission is to be conducted; the physical positioning of the planets driving the degree of 
difficulty to reach and return from Mars. The total mission AV (change of velocity) is a 
good indication of the physical "cost" of the mission. Shown here are full mission 
contours for two conjunction class missions (2010 and 2013) for the given staytimes at 
Mars . The x-axis is in Julian date 245XXXX. The y-axis is in trip time, inbound or 
outbound, in days. The AV minimnms show clearly on the contours. 

Arrival at Mars mus t also be taken into account as when the S-vector (return trajectory 
vector) ma y be out of plane and the true anomaly is not close to periapsis to impose a 
sizab le AV penalty to acquire the trajectory home. These will be functions of die orbit 
period and in c lination. The information given is for the 2010 Conjunction mission shown 
in the preceding chart. To further the evaluation the position of the periapsis with respect to 
the surface (defines access to the surface) and the lighting angle at periapsis (daylight or 
ni gh t landing) must be identified. For this case a capture period of 10 hrs. gives a minimum 
departure AV of approximately 1.2 km/sec for a 30 degree inclination orbit, an S-vector out 
of plane by >2 degrees, a true anomaly off of periapsis by ~ 10 degrees (minimum), a 
periapsis latitude of-30 degrees north ( out of the expected permafrost region on the 
planet), with a periapsis lighting angle of + 40 degrees (daylight). This means that the 
capture is in daylight, an abort possibility exists that is easily accessible, and the craft is 
positioned over areas of interest on the surface. 

Once on the surface the propellant choice made for the lander and the length of surface stay, 
dic ta t* the weight of the lander. In the case shown, a minilander capable of reaching a 250 
km orbit was used to trade the weight of the vehicle for the type of fuel used. Both storable 
and cryogenic fuels were employed and the cryogenic systems accounted for the boiloff 
and the extra decent propellant needed to land the boiloff propellant. Even at 600 day 
staytimes with boiloff considered, the cryogenic systems trade favorably with the storables. 
However, since the atmosphere of Mars is present, the cryogenic systems must be vacuum 
j ac ] frTff rf ^ have abort procedures in case of an atmospheric leak in the jacket, which 
would permit C02 ice to form around the tank. 

The values for the boiloff were generated by using an in house Boeing program to 
rairniatp the boiloff, and boiloff rate for various sizes, with or without MU, vapor cooled 
shH<K anH pera-to-ortho conversion of hydrogen. This same program was used to predict 
tank properties for an External Tank (ET, current Shuttle) sized volume and the resultant 
tank masses and tank fractions for use in weight estimations for cryogenic propellant 
systems on all vehicles. 
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Aerobrake Summary 


This section is a summary of Aerobrake related information as it pertains to the Boeing 
work on the STCAEM contract managed by the NASA Marshall Space Flight Center. This 
summary addresses the aerobrake analyses categorized as geometric configuration for 
capture and landing. Mars atmosphere knowledge uncertainty impacts on GN&C, design 
configurations for reducing heating rates and loads, landing Bight mechanics for range and 
crossrange requirements, structural techniques for reducing weight, and integration of 
technology to meet overall mission goals. The aforementioned categories will be covered 
in four sections: Aerocapture, Heating, Structure, and Ascent/Descent. 

Aerocapture - Critical GN&C related aerocapture issues are line*of-apside control and 
apoapsis altitude control. Aerocapture analyses results included in this su mmar y show the 
following: 

* Asymmetric roll with a finite rate provides improved line of 
apsides control. 

*A guidance system designed for a low density atmosphere 
needs to be optimized for other atmospheric conditions. 

* Using Mars Gram, a one sigma density change results in a 
large difference in density variation between day and night. 

* The guidance system (as related to aerocapture exit 
conditions) is more affected by large (wavelength > 1000 km) 
horizontal sine wave density variations. 

* A larger vertical wavelength (on the order of 20 km) sine 
wave density induces a lesser exror than a smaller 
vertical wavelength (on the order of 5 km) sine wave 
density. 

Heating - Mars aerocapture heating analyses results are given for stagnation point heating 
and for some choices of stream line point heating. Heating analyses results included in this 
summary indicate the following: 

* For the Mars aerocapture MTV, the stagnation point heating 
rate resulting from averaged lift-down UD is lower than the 
heating rate for average lift-up LTD. 

* Under similar conditions, the heating loads follow the same 
trend as die stagnation point heating rate. 

* Along the center streamline of the hyperboloid aerobrake the 
predicted radiative heat transfer rate at Mars using the Park 
method is approximately two times that using the Tauber- 
Sutton method. 

* The total heating rates at the stagnation point with Park 

(146 w/sq cm) and Tauber-Sutton (80 w/sq cm) are higher than 
the near term (1993) radiative material capabilities of 
approximately 70 w/sq cm. 
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* For an averaged L/D = 0.5 the stagnation point heating rate 
for Mars aerocapture is 146 w/sq cm; Earth aerocapture 
heating rate is 172 w/sq cm. 

* The local Reynolds number along the aft streamline of the 
30m body does not exceed 10E6. 

Structures - Structural analyses results demonstrate weight savings and strength 
improvements through advanced composites application and through spar design 
advantages. Included structural analyses results depict the following: 

*Spar and truss configurations were developed for the 30 
meter aerobrake concept 

* For the spar configuration and with current technology, the 
(81 mt payload) weight estimate is 41.5 klb and the MTV 
(153 mt payload) estimate is 66.3 klb. 

* Improved material characteristics (200 ksi vs 105 ksi span 
strength) reduces configuration weight by greater than 
15%. 

* Mass savings of 30% may be achieved by improved spar 
design and advanced materials characteristics. 


Structures - (corn.) 

* The truss configuration provides a 15% weight savings 
compared to the spar configuration. 

Ascent/Descent - No ascent related information is discussed in this version of the 
IP&ED; a forthcoming update will contain a discussion of ascent related data. 

Descent trajectory analyses results point to L/D requirements related to landing site 
accessibility issues. Included descent trajectory results include the following: 

* For MEV with L/D = 1 and descent inclination of 45 degrees, a 
displacement in latitude of 30 degrees may be achieved. 

* An increase in L/D from 0.5 to 1.0+ extends the range by 
approximately 50%. 

* An aeroflarc reduces the ideal delta velocity required for 
landing by 200 to 300 m/sec (L/D = 1). 
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Aerobrake Analys 
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Aerooraking: An interdisciplinary Effort 
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Coordination among many specialties is required 
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HIGH L/D AEROBRAKE 
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STCAEM Aerobraked Vehicles Comparison 
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Velocity (Km/s) 
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Stagnation Poult. nCBuflg rvHtcS 

Mars Aerocapture - MTV 
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Mars Aerocapture Stagnation Point Heating - MTV 
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The following three charts show the pressure distribution along the 

fore , aft, and side streamlines based on a modified Newtonian theory 
and unswept cylinder theory for the cylindrical lip. 
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Side Streamline Pressure Distribution 
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The following chart delineates the aerothermal conditions at the 
stagnation point for maximum heating along the aerocapture trajectory. 
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Conuitions at Maximum Stagnation Point 

Heating 
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Streamline Heating 




Side Streamline Heating 
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iviai s Aei ocaplure trajectory 

C3 = 30 kin 2 /sec 2 
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MaistjRAM Ilia'll Density 
(2016 Winter Solstice) 
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Adaptive and Non-Adaptive Guidance 
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Specific Strength of Materials 
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High L/D Aerobrake Temperature Distribution 
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Hot Structure Materials Assumptions 

for High L/D Aerobrake 
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Hot Structure Materials Assumptions 

for High L/D Aerobrake 



0> _ 

.2 «5 

3 § 

CZ Q) 
W £ 

= .2 

3 *2 

•z o 

u w 

Pm n 


U 

fiQ 

H, 

OX) 

s 

mmrn 

C8 

O 

u 

U 

0) 


08 


4J 

43 


Oj 

53 


H - 

«•§ 8 

5*5 CQ B- 

a a 

* to a 


# 5 « 

§ cl 


m 

•m* 

H 

c» « 


5 5/5 

3 CJ 
Q -« 


“3 

0) 

Ml 

S 

— w o 
® u C 5 

g «H 
•— w 

c« ® 

3 m 

3^ 

u v 
0) c 
S3 

a t- 

m 


^ ? 


4) 

s 

j b 

Li. OX) 
CL OX) 

ca ® 


r> 

p 

a 3 

35 JS 

u ~ 
a « 

5 w 

c a 



745 


D615-10026-1 


SCTAEM/other sluff/maU sections/psr/2 Ocl 90 







£ 

3 

£ 




s a. 


M 


CO 



I 

i 

i . 

o >, 

« e 

15 


&0 
4> *Zr 

JZ t> 

* at 

3 03 


D515-10026-1 


746 










































<u 



O 

do 

c 


o 

cs 

o. 



eo as 


* s 


v & 
O 

2 Z, 


v _ 

c 

2 * 
£ o 

£ «« 
£ w 
« cQ 



5fl CQ 



U. DO 

o c 





D615-10026-1 


748 


High Liu Aerobrake 
Structural Configuration 
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Landing Analysis 

Range Effect of L/D 
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Miirs Descent - Pinpoint Landing 
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Mars Descent - Pinpoint Landing 










o < 


a; 


CO 

3 


2 * 
2 .2 

c o 

u ^ 

CO 

a Q 

Q S 
a u 


00 

S 




a 

Q 

Ll 

U 

CO 

u 

1 

3 


't: j 

00 

QJ N - - 


Cl co 


A u 

3 

3 ^ 

3 

^ 3 

O 

co C 
— O 


co u. 

2 

3 


O 

*2 < 

JzL 

3 

3 

3 C2 


co Li. 

£ 

£ < 

r" co 

CJ 

z 

"O 

CO 


3 


O 

• mm 


O ^ 

U ^ 
CJ 


3 

3 

C 


»> 


2 

3 

a. 

£ 

o 

3 


3 


3 ®0 
c c 

a) — 
u o 
60 O 

« C9 


3 

u 00 _ 

&M-Z 

^ u a 

oo 3 O 

~ T3 — 

"3 <L> 

5 c > 

CO 

^ CJ CO 

a c U. 

.E CO rn 

c c y, 

.3 « 

1 6 I 

e » I 

“ -E £ 

■S'— C/2 

o u w 
-S - J* 
4) 4) o 

J5 .* j~ 

j- e *? 

g-f .s 

“> 8 | 

^> 21 

« §0 

c j I 

o - rn 
c 00 C0 

is » 

o 3 

X 3 00 

00 ±5 3 


C 

o 
o 

E 

3 
2 
CO 

o 
1) 

s £ 


c ’3 


60 

3 


X 

1) 

0$ 

-X 

o 


3 

T3 

3 

3 

<N 

o 


o 

E 

3 

2 

60 

a> 


2 

3 

CO 

3 

O 


3 

O 

V 


co 

a; 

£ 60 

3 
3 
3 




15 

c 

2 
CO 

U 

3 

M 
3 
So a> 

3 w- 

co © 
cd o 


£ 

On 


TO 

o 


£ E — 
_ \= < 

o 

x *S 


a> £ 
T3 .3 

5 J 

13 

> 


co 

x 

m 

m 


cd 

3 

O 


cd 


co 

N 


3 
O 
a 

CO 

«- <u 

DO T3 


CO 

•O 


o 

o 

co 

"> ** 
£ ft. 

8 cn 

IT) 
V£5 CN 

II II 

>% 4J 


CO 

a> 

2 

00 

^0 ^ 

JX wr 

Tl- 


co 
cd co 
> V 
^ 3 

3 *5) 
2 3 

r: u 

£ o 


v Mt 

X 

O 

CO 

CL 

00 

0 ) 

fN 

MM 

3 

jw 

“ { 

o 

o 

II 

X 

3 

N 

S3 

o> 

0 > 

O 

CO 

3 


o 


00 

co 

3 



3 

co 

o 

co 

> 

* •"* 

o 

3 


£ 

CN 

3 



jJU 

co 

o 

II 

X 

P 

X 

0 ) 

Im 



#4 

S 

"3 




3 

mU 


> 

g 

j 

X 

jd 

3 

j£ 

• w 

o 

_J 

Q 

• mm 

CO 

E 

X 


3 

j3 

<u 

» A 

CL 


o 

• M 

3 

X 

II 

o 

o 

*" 

c 

* M 

co 

ca 

3 


MMM 


£ 

3 

<u 

> 

< 

3 

<u 

o 


» • 



■ 


3 

O 


£ 

o 

3 

co 


3 <u 


s £ 


£ 

J5 

CO 


3 

O 


O 

o 

3 


0 ) 

E 

o 

E 

2 

a 

> 

<u 

co 


CO 

2 

o 


3 

X 

► mm 

E 


— 03 

^ 4 \ 

CO 

E 


U 

> c 

<u u 


oo 

3 


co 

5 


E 


ii 


i 

D 
SO ^ 

u 

cd 


co 

CO 

£ 

Qm 


x 

VO 

H < 

>» a 

.3 qj 

co -3 

3 3) 

O 3 

Q < 


co w 
QJ u 

S £ 

* a> 

« *S 

a; g 

■o E 

9 imrn mm 

‘S 8 

4> 

K * 
3 <« 

X c 

•= o 

E s. 

E 

O 3 

co 

■B CO 

55 cd 

o W) 
a. b 

| *i 

8 -2 


>V 3S 


<u 

X) 

> 

3 


m 

m 


<u 


cd 

> 

2 

cd 


# TO 

2 3 
O 

cd o 


o 

CO 

CO 

cd 

OJ 

CO 

3 

u 

o 


o 

3 

CO 

3 

£ 

CO 


3 B 

co 

D. ^ 

E 2 

a> -n 


2 <u 

3 X 

e r 

x 2 

£ *S 


a) .22 


f5 


CO 

E 

a> 


<D Q- *- -3 

>— »r^ ” •—i 

g 


£ 

*3 

3 

> 

« 13 



O co 

V 

CO 

3 

•3 3 

1 ^ 

CO 

o 



Lm 

co 

£ 

3 

3 c 

3 

CO 

co 

« 3 


CO 

o 

• 

3 


CN 


<u 

II 

O 


£ 

cc 

♦ 

c3 

o 

o 

<N 

E 

3 

,p 5 


£ 

a- 

Q-> 

X 

E 

3 

U 

<D 


£ >, 

3 .3 

co 

co O 
£ -2 

D« 3 
i- 3 


3 

O 

o 


00 

3 


3 

co 

<U 


J5 -s JJ 


cm to r* 1 

I E F 


3 3 

X O 
u u 


£ 

3 

K Pl| 

SZ 

4) 


D615-10026-1 


772 


severe pressure distribution at the front of the vehicle as in the case of the higher thrust levels. 






Preliminary Mars Landing Sites 
Between +/- 20° Latitude 
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Preliminary Mars Landing Sites 
Between +/- 20° Latitude 
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Argument of periapsis = 229 ° 
Right ascension = - 0 . 64 ° 
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Inclination = 2.31* 

Argument of periapsis = 245* 
H*glit ascension a -0.65* 
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Propulsion tlirust-to-weight ratio 





High L/D Aerobraking Constraints 
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Mill's Aerobrake Temperature Distribution 
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Reynolds Numbers (based upon jet exit velocity and W) = 16,000 



Jet - Surface Interaction 
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Jet - Surface Interactioi 
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Jet - Surface Interaction Velocity Contour 
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Reusable MEV Sensitivities 
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ii-Conic Lander/Habitat 
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REMTECH TECHNICAL NOTE 


SUBJECT: 

Base Heating Environments for the Boeing Mars Hyoerbolcid Aero¬ 
brake (L/D = 0.5) 

DATE: 

January 25, 1991 

AUTHORS: 

Craig P. Schmitz and Carl D. Engel 

CONTRACT NO.: 
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PREPARED FOR: 

Boeing Aerospace and Electronics 


INTRODUCTION 


The intent of this technical note is to document a base heating environment for the 
Boeing Mars hyperboloid aerobrake (L7D = 0.5). The approach used in this analysis was 
to develop an empirical method for calculating the convective heating, radiative heating, 
and wake closure angle. 

A side view of the Mars transfer vehicle aerobrake is shown in Fig. 1. The equation 

of the hyperboloid is provided with this figure. A top view of the MTV aerobrake is 
provided in Fig. 2. 

The trajectory analyzed is an aerocapture trajectory in the Mars atmosphere. The 
trajectory data provided by Boeing included the time, altitude, velocity, free-stream 
temperature, free-stream pressure, and free-stream density. The convective, radiative, 
and total heat rates at stagnation conditions on the front surface of the aerobrake were 
also provided. The methodologies in this study were developed using the trajectory 
conditions occurring at the times of highest heating. The trajectory data for the times of 
peak heating is included in Table 1. In addition an altitude versus velocity plot, of this 
trajectory is provided in Fig. 3. 

BASE CONVECTION 

An empirical method for calculating the base convective heating is presented in Table 
2. Using this method and the geometry and trajectory information provided by Boeing for 
the MTV a base convective heating environment was calculated and is shown in Fig. 4. 
The sensitivity of this predicted environment to wall temperature was investigated and is 
shown in Fig. 5. Note that a 556 K variation in wall temperature resulted in only a 4.8 
percent variation in the peak heating rates. The sensitivity to base diameter was also 
investigated and is shown in Fig. 6. Here it is shown that a 10 percent variation in the 
base diameter resulted in a 1.8 percent variation in the peak heating rates, in addition 
to the method selected above for calculating the base convection environment two other 
independent sources were identified [Ref. 1 & 2] which indicated that base heating rates 
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could be approximated as 2 percent of the front farp u *• n L 

reports were for aerobrakes in air. A comparison of thf Slcu atedSp 9 ' th u 6S6 

rates with the stagnation convective heat rates shows that tha ht* b f se convectlve hea t 

5.6 percent of the stagnation as shown in Fig. 7. The 5 6 Dercent nradt?'" 9app J oaches 
using C0 2 . The heat transfer coefficient for base convection ic w dllct,on JJ'calculated 
air based solely on the differences in the viscosity and 2nc;♦ h, ?. he u ° r C ° 2 than for 
major differences in the results of these two methodoloniec A ty ’^ h,ch acc °unts for the 
be the variety of stagnation convective heatinn mJthiH 9 ? S ’- Another source of error may 

each of the different references. However since the methSl? Valabte and „ used wilhin 
2 is independent of the stagnation hettfng m^ 

Of the heating estimates, it is the method for calculating tho h a he more conservative 
recommended by this study. * be base convective heating 


BASE RADIATION 


UdCSSS!: geometry^and SSS * prasan,ad ? 3- 

the MTV, a base radiative heating envinonnSn?^ IT, Provided by Boeing for 

The sensitivity of this predicted environment to the base rti»mf„f'^ B Sh0Wn ln F ' s ’ ®’ 
is shown in Fig. 9, Here, it is shown nSlw parentJSSta j T 
resulted in a 5.4 percent variation in the peak heating rates. th ® b3S d,amet0r 


WAKE CLOSURE ZONE 


The objective was to define the region in the hasp nf th* ^ , 

payloads could be placed with a minimum impact from bie ^ahno The^rn^®™ 

Stations were performed for the peSo^g” % *?< 

as fo^ ,h0d0 ' 09y “ de,ermine * he eXpansion andte of the shear layer, fc. is 

BLIMPK (Ref. [8]) was used to calculate the hnnnHarv i»._ w 

100% C0 2 free-stream Martian atmosphere. REMTECH extended 3 
property curve fit equation range of applicability from 6.000K to 15 000K f^BUMPK 
for this study. Results provided in Table 4 indicate that the specific heat rati^at the 

r ate,y ^ and iS ~ throughout thl 


1 . 


2. 
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shock 7 of 1 . 11 . 



yielding 9’ 



5 


0 



3. The nominal base pressure ratio P 4 /P 00 is determined from the relation by Engel 
(Ref. [4]) for laminar high Reynolds number wakes. 

2q[-0.18708+0.10806(A/„-8)°-'' 

15.47 at time *114 sec 

It is assumed that the pressure across the shear layer is identical to the pressure in 
the recirculation zone, hence P 4 /P 1 » P 3 /P 1 . 

4. P’/P 3 is computed from steps 2 and 3. _ 

5. isentropically expanding the flow from P , to P 3 , (Prandtl-Meyer expansion theory), 
the Mach No. (M 3 ) of the expanded local flow is determined. 
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If the turning angle of the outer boundary of the shear 
it is determined from 


layer is defined as 


v\, then 




The angle of the outer edge of the shear layer relative to 
vector is then 


the free-stream 


velocity 


*S = - 


v 


Os = 81.84-49.75 
= 32.09 for 7 = i.n 

Based on the results from the precedino procedure the u, a i, 0 . 

Fig : 10 was defined. The angfe, 

region in the wake occurs on the inside of the shear lavpr cjawJLi i ^ 

could be used to define this inner edge (heating, velocity or shear leveh "n'theTurrem 
quck analysis the shear layer spreading angle was measured off of a scWieren of the 

en1e P r Td d egre R es: H ^ ,0r * « Maeh 6 -^d'sTeaMa^ 

In order to understand the flowfield around the blunt end of the brake the mot in 
Rg. 11 was prepared. The flow properties shown are from the Table 4 bumpk r«,,i~ 
plotted on the surface of the brake. The straight lines IssuTngTrornmVcoSS 

from AFE schlieren presented in Ref. (6J form at Mac h 1 u T 

tunnel shock shape was adjusted to account for shock density feeffeas using ” 


where 


yielding 


6 /R- 0.667/ (pi/pao-l) Nondimensional stand-off distance 
pi/p 00 — 14.73 for time 114 sec in C0 2 
Pi/Poo = 11.7 for CF± (tunnel) 

= 0.779 

Otun 


The Mach wave was drawn at the Mach angle at the body to the shock. Compatibility of 
these conditions at the shock were not verified. More than likely the Mach waves bend 
to the nght when moving along the Mach line from the body to the shock. ° 

BRAKE DESIGN CONSIDERATIONS 

During the analysis process of determining the brake wake heating environment 

several observations regarding the current brake design were made. These observations 
are. 

% 

1 • TJ;® goometric stagnation point is located quite near the blunt side of the brake at 
20 degrees angle of attack 
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2 . Expansion from the geometric stagnation point along the hyperboioid is only about 
11 degrees. 

3. As a result of (2) the sonic point is located on the torus (See Fig. 11). 

4. Although specific calculations were not performed, it is anticipated that the constraint 
of the sonic point to the torus region will produce a high heating region on the 
hyperboloid. This high heating region would probably be higher convectively than 
the stagnation region by a factor of 1.2 to 1.4. This is a similar flow situation to 
that measured by Ref. [7] as shown in Fig. 11. The bluntness, X7R*, of the upper 
portion of the brake is about 0.144. 

5. The effective radius based on this bluntness (X7R* » 0.144) is approximately 13.65 
meters. This is nearly the same as the effective radius of 13.0 meters used in both 
the forebody convective and radiative heating calculations. 

6 . The constrained sonic point produces higher than Newtonian pressures between the 
stagnation and sonic point. Consequently, aerodynamics based on Newtonian theory 
alone are inadequate for this type of body. 

Based on the preceding observations and work presented in preceding section the 

following recommendations are made: 

1. New brake geometries or modifications of the current brake geometry as shown 
in Fig. 12 should be examined. The hyperboloid or primary blunt surface should 
be designed to accommodate the sonic point which occurs at a turning angle of 
approximately 40 degrees from the stagnation point. If large excursions (above 5 
degrees) in angle of attack are anticipated, this should be accounted for as well. The 
extended brake as shown in Fig. 12 would also substantially increase the usable 
wake payload volume. 

2 . The torus radius should be held constant for design simplicity. If the sonic point is 
not located on the torus, the heating will be more benign and lower environments 
will exist. The torus radius environment can be determined using BLIMPK (Ref. [8] 
for convection and RADCOR (Ref. [9]) for radiation. 

3. The new and modified brake face and wake environment should be examined at-three 
altitudes using BLIMPK boundary layer calculations, LANM1N (Ref. [10]) for pressure 
distributions, RADCOR for radiation distributions and correlations presented herein 
for wake conditions. By examining the brake geometry at three separated Reynolds 
numbers all potential heating design considerations will be identified. 

4. Computational fluid dynamics code validation calculations should follow basic design 
trades preformed using engineering codes. 
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2. Sambamurthi, Jay, “Aeroassist Flight Experiment Carrier Thermal Environments Data 
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Table 1: MTV Trajectory Data 


Time 

(Sec) 

Alt. 

(KM) 

Vel. 

(KM/sec) 

Temp. 

(K) 


Density 

(KG/M 1 *) 

QC 

QR QTOT 

I (W/CM 2 ) 

110 

43.7 

6.958 

172.03 

11.51864 

0.3678D-03 

28.66 

56.92 

85.58 

112 

43.1 

6.913 

172.60 

12.29919 

0.3914D-03 



86.81 

114 

42.6 

6.866 

173.14 

13.06595 

0.4145D-03 

29.40 

57.81 

87.21 

116 

42.1 

6.817 

173.63 

13.81158 

0.4369D-03 

29.64 

57.09 

86.73 

118 

41.6 

6.766 

174.08 

14.52953 

0.4584D-03 

29.78 

55.55 

85.33 

120 

41.2 

6.714 

174.49 

15.21327 

0.4788D-03 

29.84 

53.17 

83.01 

122 

40.8 

6.660 

174.86 

15.85678 

0.4980D-03 

29.81 



124 

40.5 

6.604 

175.19 

16.45464 

0.5158D-03 

29.71 

47.65 

77.35 

126 

40.2 

6.548 

175.49 

17.00229 

0.5321 D-03 

29.53 

43.98 

73.51 

128 

39.9 

6.491 

175.74 

17.49571 

0.5468D-03 

29.27 

39.83 

69.10 

130 

39.7 

6.433 

175.96 

17.93181 

0.5597D-03 

28.96 

35.76 

64.72 

132 

39.5 

6.375 

176.15 

18.30809 

0.5708D-03 



59.85 

134 

39.3 

6.316 

176.30 

18.62283 

0.5801 D-03 

28.16 

26.41 

54.58 

136 

39.2 

6.258 

176.42 

18.87512 

0.5876D-03 

27.70 

21.83 

49.53 

■EEB 

39.1 

6.201 

176.52 

19.06487 

0.5932D-03 

27.19 

17.28 

44.47 

140 

39.0 

6.143 

176.58 

19.19251 

0.5970D-03 

26.65 

12.72 

39.37 

142 

39.0 

6.087 

176.61 

19.25920 

0.5989D-03 

26.08 

8.76 

34.85 

144 

39.0 

6.031 

176.61 

19.26657 

0.5992D-03 

25.49 

4.83 

30.32 

146 

39.0 

5.976 

176.59 

19.21661 

0.5977D-03 


0.00 

24.89 

148 

39.1 

5.922 

176.54 

19.11180 

0.5946D-03 

24.27 

0.00 

24.27 

150 

39.2 

5.870 

176.46 

18.95515 

0.5900D-03 

23.65 

0.00 

23.. 65 
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Table 2: Base Convection Heating 



cosher fr ,hat of 

« «W«ons for calculating viscositiss have been included for use ^hTSa'n 
atmosphere assumed to be 100%CO 2 . 1 a Manan 


Base Pressure: (Engel) 

Pb * Poo 10 ( * J18708 + - 1 ' 0806 Woo -8.)- 8 ) 

where 

Poo = tree-stream pressure (lbf/ft 2 ) 

Mco = tree-stream Mach number (dimensionless) 

Free-stream Mach Number: 

M, 

where 


(lbt/ft 2 ) 


>oo 


u 
'ST 



(Dimensionless) 


Uoc 

9 

7 

R 

Too 


Base Enthalpy: (Bulmer) 


free-stream velocity (ft/s) 

32.174 (Ibm ft/lbf s 2 ) 

1.40 for C0 2 at free-stream conditions 
35.10 (ft Ibf/lbm R) 
free-stream temperature (R) 


(Dimensionless) 


where 



- H. (.26 + .651 (|f)) 

H S 

« stagnation enthaipy « 

sate + C p Too (BTU/Ibm) 

H w 

- wall enthalpy (BTU/Ibm) 

C p 

« specific heat of C0 2 (BTU/Ibm R) 

For P < 

.0001 atm use curve fit of Candler 


(BTU/Ibm) 


Viscosity: 


For P > .0001 atm use curve fit of Marvin & Deiwert 
Free-stream Reynolds number: 


where 


(Reoo)o 

Poo 

D 

Poo 


PeoUooD 
Moo 

= free-stream density (slugs/ft 3 ) 
* base diameter (ft) 

= free-stream viscosity (Ib/ft-s) 


(Dimensionless) 
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Table 2: (Continued) Base Convection Heating 


Heat Transfer Coefficient: (Warmbrod) 

h B * ,349 pcoUoo (R9«o) D - Ira (^)" I7J2 

where 


MB 

Base Convection 


- base viscosity (Ib/ft-s) 
Heat Rate: 

= hg (Hg - Hw) 


(BTU/ft 2 -s-°R) 


(BTU/ft 2 -s) 


REFERENCES 

• Warmbrod, John D. “Empirical Method to Predict the Convection Heating for the Base 
(Separated) Region of the AFE," REMTECH Technical Note RTN 171—01, March 
1987. 

• Engel, C.D., “ AFE Preliminary Wake Impingement Heating," REMTECH Technical 
Note RTN 171-04, June 1987. 

• Bulmer, B.M., “Heat Transfer Measurements in a Separated Laminar Base Flow," 
Journal of Spacecraft, Vol. 14, No. 11, November 1977. 

• Candler, G., “Computation of Thermo-Chemical Nonequilibrium Martian Atmospheric 
Entry Flows,” AIAA 90—1695, June 18—20, 1990. 

• Marvin, Joseph G. and George S. Deiwert, “Convective Heat Transfer in Planetary 
Gases," NASA Technical Report NASA TR R-224, July 1965. 
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Table 3: Base Radiation Heating 



The procedure for calculating radiation heatina in the h aM • x „ 

oped by Heame. The following empirical equation 9 warded !?° n ? ° WS that devel * 
wake radiation data measured in the NASA Amoc f denve J correlate expenmental 

sonic facility. Measurements were made fr9e - f,i9ht hyper ‘ 
32,000 ft/sec for several ablation materials. 9 ocities from 20,000 ft/sec to 


QRAD — OVD cos ^ 


(• BTU/ft 2 scc ) 


ablation material dependent 


where 

C = constant of proportionality — 

D = vehicle diameter (ft) 

Poc = free-stream density (lbm/ft 3 ) 

Ucc = free-stream velocity (ft/s) 

8 = angle between the local surface normal and the wake angle 
The results Tere la "° n re>a>> ° n ^ made ,0r air “*"9 Project FIRE I flight data. 


W = 1.33 Btu/sft-sec (calculated) 
Qrad = 1.41 Btu/sft-sec (measured) 


_ I rOO = *.<40 X 10 

@ ] Uoo = 37; 840 ft/sec 
^ D = 2.204 ft 


IWUUWU 


an ablator*This selection o/ablation maren'al^esulteTin^he^ ° t f t !j n9 ^. us ' n 9 Le!tan as 

the wake region and was recommended in application of ttH^abow ^Itton. eat,n9 
This correlation when applied to a ranae of o fmm n on ■ . 
rates which are at a maximum at 0.0 and decrease radiative heating 

AFE aerobraking vehicle the minimum Se Son he^n^t^ ** * ^ , For ,he 

be 36.6 percent of the peak radiation heat rates as riptarmm£/!f 8 c> we [. e ca cu . a - ec ^ t0 

this relationship the following correlation was derived for estimation thoT^+^h Fr ° m 
rates in the base for Mars atmospheres. ® ra ^ ia ^ I0n Seating 


m 

QUAD = eVD Poo (.634 cos $ + .366) 


{BTU/ ft 2 sec) 


REFERENCES 

' “ Mare 

4-74-64-1, December 1964. - & SpaCe Com P an >' Rnal Report 

• Sambamurthi, Jay, “Estimation of Radiative Heatinn tn acc o • 

REMTECH Technical Note RTN 195-14 4 Ann DR t 
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Table 4: BLIMPK Boundary Layer Edge Conditions for time = 114 sec 

STATION NO 1 

cp-frozen cp-equil olnm/olnt dlnm/olnp gamma 
0.34931E*00 0.466l7E*01-0. 19 1596*0 1 0.944775-01 0.112106*01 

TEMP* 6643 0844 DEG-K PRES*. 0.1858 ATM MOL WT* 17.9030978 

ENTHALPY* * 0 . 55304SOE*04 CAL/GM ENTROPV* 0.355125*01 CAL/GM-OEG K 
OENSITV* 0.3809005-03 LB/CUFT 

VEL* 0.0006*00 FT/SEC MACH* 0.000E*00 AREA* 0.0005*00 SOFT/LB/ScC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR, 

C 0.186215*00 0 0.593115*00 02 0.440458-04 

CO 0.22063E+00 C02 0.539975-05 


STATION NO 2 

CP-FROZEN CP-EOUIL OLNM/DLNT DLNM/DLNP GAMMA 

Q•34931E*00 0.466185*01-0.191595*01 0.944776-01 0.112105*01 
% \*+ m 

TEMP* 6642.9440 DEG-K PRES* 0.1857 ATM MQL WT* 17.9033077 

ENTHALPV* 0.55302265*04 CAL/GM ENTROPV* Q.35512E-01 CAL/GM-OEG K 
OENSITV* 0.380796E-03 L3/CUFT 

VEL* 0.1425*03 FT/SEC MACH* 0.233E-01 AREA* 0.1855*02 S0FT/L8/SEC 

SPECIES MOLE FR . SPECIES MOLE FR, SPECIES MOLE FR. 

C 0.186205*00 0 0.59310E*00 02 C. 440435-04 

CO 0.220655*00 C02 0.53994E-05 


STATION NO 3 

CP-FROZEN CP-EOUIL OLNM/DLNT DLNM/OLNP GAMMA 

0•349305*00 0.46622E*01-0.19160E*01 0.944775-01 0.112105*01 

TEMP* 6642.5228 DEG-K PRES* 0.1856 ATM MOL WT* 17.9039376 

ENTHALPV* 0.35295525*04 CAL/GM ENTROPV* 0.35512E*0l CAL/GM-OEG K 
DENSITY* 0.3804865-03 LB/CUFT 

VEL* Q.2846*03 FT/SEC MACH* 0.4665-01 AREA* 0.9246*01 SOFT/LB/SEC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.186175*00 0 0.59309E*00 02 0.440276-04 

CO 0.220696*00 C02 0.53987E-05 


STATION NO 4 

cp-frozsn cp-eouil dlnm/olnt olnm/dlnp gamma 
0.349266+00 0.466486*01-0.191681*01 0.94477E-01 0.112096*01 

TEMP* 6639.5723 06G-K PRES* 0.1844 ATM MOL WT* 17.9083524 

ENTHALPV* 0.55248346*04 CAL/GM ENTROPV* 0.355125*01 CAL/GM-OEG K 
DENSITY* 0.3783196-03 LB/CUFT 

VEL* 0.7116*03 FT/SEC MACH* 0.1176*00 AREA* 0.372E*01 SOFT/LS/SEC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.185976*00 0 0.592996*00 02 0.439135-04 

CO 0.220995*00 C02 0.539316-05 


STATION NO 5 

CP-FROZSN CP-EOUIL OLNM/DLNT DLNM/OLNP GAMMA 

0.349125*00 0.467405*01-0.191985*01 0.944785-01 0.112075*01 


11 




RTN 235-01 


Table 4: (Continued) BLIMPK Boundary Layer Edge Conditions for Time - 114 sec 


TEMP- 6629.0072 DEG-K ppre c n „ 

ENTHALPY. 0.55079306*04 CAL/GM 'entroU n , M0L WT * >7.9241934 
DENSITY. 0.370643E-03 LB/CUFT SOPY. 0.355526*01 CAL/GM-DEG K 

V£L« 0.1426*04 PT/SEC. MACH. 0.234t. 00 .... „ . 

. ‘ °° AR£A » 0.>895*01 SOFT/LB/SEC 


SECIES MOLE FR. 

C 0.18525E*00 
CO 0.2220,76*00 

' A***'. 


SPECIES MOLE FR. 

0 0.59263E*00 
C02 0.53733E-05 


SPECIES MOLE FR. 

02 0.43506E-04 


STATION NO 6 

CP-FROZEN CP-EOUIL DLNM/m ut . 

0.348886*00 0.46892E-01-0.192466*01 o 9447 ^% . . GAMMA 

u.944718-01 0.112036*01 

TEMP. 6611.2981 OEG-K PRES. 0 1714 

ENTHALPY. 0.54795586*04 CAL/GM 'EntsodI „ . H0L WT * >7.9508596 
DENSITY. 0.358063E-03 LB/CUFT * 0*35512E-01 CAL/GM-OSG K 

VEL* 0 . 2 I 4 E *04 FT/SEC MACH. 0.352t-oo » 

_ 0.130E-0, SOFT/LB/SEC 


SPECIES MOLE FR. 

C 0.184046*00 
CO 0.22389£*00 


SPECIES MOLE FR. 

0 0.592026*00 
C02 0.53397E-05 


SPECIES MOLE FR. 

02 0.42829E-04 


STATION NO 7 

0.348546*00 0 C 4?f2oe*01-O^SmoS>01 0 L 9444 Sj P q o GAMMA 

u.9A445S*0) 0.11198E*01 

TEMP. 6586.2862 OEG-K PR 8S . n 

0 . 543941 06*04 CAL/GM ENTROPY*! n ,«J°i WT * >7.9887650 
DENSITY. 0.340898E-03 LB/CUFT 0.355126-01 CAL/GM-OEG K 

VEL« 0.286E-04 FT/SEC MACH. 0.4736*00 AREA, o 

_ ... ** 0.102E-0, SOFT/LB/SEC 


SPECIES MOLE FR. 

C 0.1B231E*00 
CO 0.22647E*00 


SPECIES MOLE FR. 

0 0.591166*00 

C02 0.52914£*Q5 


SPECIES MOLE FR. 

02 0.418045-04 


STATION NO 8 

CP-FROZEN CP-EOUIL DLNM/OLNT OLNM/nt mb 
0.348106*00 0.473616*01-0.19389E-01 0 943 a« n , „ GAMMA 

u.943825-01 0.11192E*01 

T£MP» 6553.7330 OEG-K PRES* 0 1526 atm 
ENTHALPY. 0.53870258*04 CAL/GM enTROPv? . " 0| - WT * >8.0385247 

DENSITY. 0.3195816-03 L 8 /CUFT 0.355!2E*01 CAL/GM-OEG K 

VEL- 0.3S9E*04 FT/SEC MACH. 0.5966*00 AREA, a .... „ 

R£A« 0.8705*00 SOFT/LB/SEC 

P 1% * A • p B ^ W ^ 


SPECIES MOLE FR. 

C 0.180055*00 
CO 0.229375*00 


SPECIES MOLE FR. 

0 0.590035*00 

C02 0.522745-05 


SPECIES MOLE FR. 

02 0.406725-04 
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Table 4: (Continued) BLIMPK Boundary Layer Edge Conditions for line =114 sec 


STATION NO 9 


C?-*FR02EN CP-EOUIL DLNM/OLNT OLNM/DLNP GAMMA 

0.347566*00 0.476666*01-0.194785*01 0,942565-01 0,111845*01 


TEMP* 6513.3074 DEG-K PRES* 0.1394 ATM MOL WT* 18.1010011 

ENTHALPY* 0!532 1 758E*04 CAL/GM ENTROPY* 0,355125*01 CAL/GM-OEG K 
DENSITY* 0,2946565-03 LB/CUFT 

V£L* 0.4345*04 FT/SEC MACH* 0.722E*00 AREA* 0.7835*00 S0FT/L3/SEC 


SPECIES MOLE FR. 

C 0.17721E*00 
CO 0.234136*00 


SPECIES MOLE FR. 

0 0.538625*00 

C02 0.514595-05 


SPECIES MOLE FR . 

02 C. 391975-04 


STATION NO IQ 

cp-frozen cp-eouil olnm/olnt olnm/olnp gamma 
0.34612E*00 0.48369E*01-0.196655*01 0.936695-01 0.111635*01 


TEMP* 6406,7744 DEG 
ENTHALPY* 0.514877 
OENSITY* 0.2366206 
VEL* 0.5866*04 FT/SEC 

SPECIES MOLE FR. 

C 0.169565*00 
CO 0.245606*00 


K PRES* 0.1091 ATM 

s*04 CAL/GM ENTROPY* 
03 LB/CUFT 

MACH* 0.991E*00 AREA* 

SPECIES MOL5 FR, 

0 0.584806*00 

C02 0.492286-05 


MQL WT* 18.2591960 
0,355125*01 CAL/GM-DEG K 

0.7215*00 S0FT/L3/S5C 

SPECIES MOLE FR. 

02 Q.3S4725-04 


STATION NO 11 


CP-FROZEN CP-EOUIL DLNM/OLNT OLNM/OLNP GAMMA 

0.344656*00 0.489126*01-0.19777E*01 0.92677E-01 Q.11143E*01 


TEMP* 6298.7872 OSG-K PRES* 0.0844 ATM MOL WT* 18.4450081 

ENTHALPY* 0.4972030E*04 CAL/GM ENTROPY* 0.355126*01 CAL/GM-OEG K 
OENSITY* 0.1879146-03 LB/CUFT 

VEL* 0.7096*04 FT/SEC MACH* 0.1226*01 AREA* 0.750E*00 SOFT/LB/SEC 


SPECIES MOLE FR. 

C 0.161566*00 
CO 0•257596*00 


SPECIES MOLE FR. 

0 0.580815*00 

C02 0.468645-05 


SPECIES MOLE FR, 

02 0.31942E-04 


STATION NO 12 

% 

CP-FROZEN CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

0.34357E*00 0.491925*01-0.19803E*01 0.91664E-G1 0.111296*01 

TEMP* 6218.3775 OEG-K PRES* 0.0693 ATM MOL WT* 18.5793942 

ENTHALPY* 0,48396206*04 CAL/GM ENTROPY* 0.35512£*01 CAL/GM-OEG K 
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Table 4: (Continued) BLIMPK Boundary Layer Edge Conditions for Time = 11 


DENSITY* 0.157428E-03 LB/CUFT 
VEL« 0.789E+04 FT/SEC MACH* 0.137 = 4-01 


SPECIES MOLE FR. 

C 0.1554SE+00 
CO 0.26676E+00 


AREA* O.0O5E+OO SOFT/LB/SEC 


SPECIES MOLE FR. 

0 0.57775E+00 

C02 0.45055S-Q5 


SPECIES MOLE FR. 

02 0.29476E-04 


STATION NO 13 




CP-FROZEN CP-EOUIL OLNM/OLNT DLNM/rv ua 

o. 3 4 !S6e .oo o.« 3 4«. 0 , -o.„7„..o, stSi'tt;:.. 

ENTHALPY.*0?471T031E*04 CAL/GM °'enTR0Py M n , MOt * WT * >8.7058860 
DENSITY* 0.133 1756-03 LB/CUFT ENTROPY. 0.355t2S*01 CAL/GM-OEG K 

VEL* 0.856E-04 FT/SEC MACH. 0.150**01 4Dti „ ... 

so. oi AREA. 0.877E*00 SOFT/LB/SEC 


SPECIES MOLE FR. 

C 0.14970E*00 
CO 0.27539E*00 


SPECIES MOLE FR. 

0 0.574886*00 

C02 0.433656*05 


SPECIES MOLE FR. 

02 0.273266-04 


STATION NO 14 

o c :;"sii:„o o";f.«. i o,. 0 o ^s^ 0 , stsat,", 

TEMP. 6066.5596 DEG-K PR ES « 0 m? , 

ENTHALPY. 0.4588062E*04 CAL/GM M01 - WT * >8.8411412 

DENSITY. 0.111274E-03 LB/CUFT ENTROPY. 0.355126*0! CAL/GM-OEG K 

VEl. 0.922E*04 FT/SEC MACH- 0.1635*01 io fl . „ 

AREA* 0.975E+Q0 SOFT/LB/SEC 


SPECIES MOLE FR 

C 0.14355E*Q0 
CO 0.28461E+00 


SPECIES MOLE FR. 

0 0.57181E*00 

C02 0.41581E-05 


SPECIES MOLE FR. 

02 0.25199E-04 


STATION NO 15 

CP-frozen CP-EOUIL OLNM/OLNT OLNM/m mb 

o,».«..oo ,.ftss.. 0 , - - _ 

TEMP* 5938.8272 OEG— K PRES* 0 .* u 

ENTHALPY. 0.44029005*04 CAL/GM pmt»p.£3 „ M0L WT * >9-0318266 
OENSITY. 0.936661E-04 LB/CUFT " TR0PV * 0.35512E*01 CAL/GM-OEG K 

VEL* 0.>0!E*05 FT/SEC MACH- 0.181E*0l arpa. « 

oi AREA. 0.106E*01 SOFT/LB/SEC 


SPECIES MOLE FR. 

C 0.134675*00 
CO 0.29762E*00 

STATION NO 16 


SPECIES MOLE FR. 

0 0.567486*00 

C02 0.374566*05 


SPECIES MOLE FR. 

02 0. 182 17E-04 


TEMP. 5863.8002 OEG-K PRES* 0 0313 iru 
ENTHALPY. 0.42771706*04 CAL/GM ’entro^ n " 0L " rT * 19.1692041 
OENSITY. 0.778533E-04 LB/CUFT ENTROPY. 0.355125*01 CAL/GM-OEG K 
VEL« 0.!06E*05 FT/SEC MACH. 0.193E* 0 | 1Dtl „ 

AREA. 0. 1216*0! SOFT/LB/SEC 


SPECIES MOLE FR 

C 0.12863E-00 
CO 0.30699E*00 


SPECIES MOLE FR. 

0 0.56436E-00 

C °Z 0.3581 1 £-05 


SPECIES MOLE FR. 

02 0.I6778E-04 


4 sec 
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Table 4: (Continued) BLIMPK Boundary Layer Edge Conditions for Time = 114 sec 

STATION NO 17 

CP-FUOZEN CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

0.33752E*00 0.48783E-01-0.19068E-01 0.82354E-OI 0.110595*01 

TEMP. 5783.3019 DEG-K PRES* 0.0250 ATM mol wt» 1S.3192«52 

ENTHALPY. 0.41421 I2E*04 CAL/GM ENTROPY* 0.35512E*01 CAL/GM-OEG K 

OENSITV* 0.635494E-04 LS/CUFT 

VEL* 0.112E-05 FT/SEC MACH* 0.205E*01 AREA* 0.141E-01 SOFT/LB/SEC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.12181E*00 0 0.56095E*00 02 0 153416-04 

CO 0.317225*00 C02 0.340736-05 

STATION NO IS 

CP-FRGZEN CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

0.33645E*00 0.48162S*G1-0.187Q8E*01 0.797416-01 0.11049E*01 

TEMP* 5704.4673 OEG-K PRES* 0.0200 ATM MOL VYT* 19.4687181 

ENTHALPY* 0.4009819E*04 CAL/GM ENTROPY* 0.355125*01 CAL/GM-OEG K 

OENSITV* 0.5185415-04 L8/CUFT 

VEL* 0.11 7E*05 FT/SEC MACH* 0.2t7£*01 AREA* 0.1655*01 S0F7/L3/SSC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.115016*00 0 0.55756E*00 02 0 . 140385-04 

CO 0.32741 6*00 C02 Q.32409E-05 

STATION NO 19 

CP-FROZEN ' CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

G.33539£*00 0.47343E*01-0. 18266c*01 0.76805E-01 0. 110385*01 

TEMP* 5624.6137 OEG-K PRES* 0.0158 ATM MOL WT* 19.6225146 

ENTHALPY* 0.3873947E*04 CAL/GM ENTROPY* 0.25512£*01 CAL/GM-OEG K 
OENSITV* 0.420101E-04 L3/CUFT 

VEL* 0.122E*05 FT/SEC MACH* 0.229E*01 AREA* 0.195S*01 SOFT/LB/SEC 

SPECIES M0LS~FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.10802E*00 0 0.55407E*00 02 0.12821E-04 

CO 0.33790E+00 C02 0.30772E-05 

STATION NO 20 

CP-FROZEN CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

C.33432E*00 0.46302E*01-0.17733E*01 0.735288-01 0.11029E*01 

TEMP* 5543.6972 OEG-K PRES- 0.0124 ATM MOL WT* 19.7805939 * T - 

ENTHALPY* 0,37406166*04 CAL/GM ENTROPY* 0.355125*01 CAL/GM-OEG K 
DENSITY- 0.337883E-04 LB/CUFT 

VEL* 0.127E+0S FT/SEC MACH* 0.2416*01 AREA* 0.233E*01 SOFT/LB/SEC 

SPECIES MOLE FR, SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.10083E*00 0 0.550476*00 02 0.11689E-04 

CO 0.34868£*00 C02 0.29175E-05 


STATION NO 21 

CP-FROZEN CP-EOUIL OLNM/OLNT OLNM/OLNP GAMMA 

0.327295*00 0.3 1 623E*01-0.11 1 29E*0 1 0.41443E-01 0.11019E*01 

TEMP* 4960.3313 OEG-K PRES* 0.0020 ATM MOL WT * 20.9454479 

ENTHALPY* 0.2802094£«• 04 CAL/GM ENTROPY* 0.355 12E*01 CAL/GM-OEG K 
DENSITY* 0.640370E-05 LB/CUFT 

VEL* 0.157E*05 FT/SEC MACH* 0.3246*01 AREA* 0.996E*0l S0FT/L3/SEC 

SPECIES MOLE FR. SPECIES MOLE FR. SPECIES MOLE FR. 

C 0.478715-01 0 0.524016-00 02 0.63231E-05 

CO 0.42811E*00 C02 0.20612E-05 

15 


I 



RTN 235-01 



Figure 1: Side View of MTV Aerobrake Structure 
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Figure 2: Top View of MTV Aerobrake Structure 
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Velocity km/sec 

Figure 3: MTV Aerocapture Trajectory in Mars Atmosphere 
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Figure 4: MTV Base Convective Heating Environment 









is^i 



RTN 235—01 
o 




Figure 6: Sensitivity of Base Convective Heating to Base Diameter 
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Fl9Ure 7: SEES? Hea,ln9 Envlr0nmenl as P «™"' o' Stagnation Point Con- 
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Figure 8: MTV Base Radiative Heating Environment 
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Figure 10: Wake Closure Zone at Peak Heating 
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Rgure 12: Suggested Brake Modifications to Reduce Peak Brake Heating and Enlarge 

Wake Payload Zone 
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Estimated Drake Shoulder Flow 
Field Properties 
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Equipment Life and Self-Check 

This section discusses the woik accomplished and the issues identified concerning the 
processing, integration, test, assembly, verification and operation of the Mars vehicle 
(primarily the reference Cryo/Aerobrake vehicle). Self-check capabilities include Built-in 
Test/ Built -in Test Equipment (BIT/BITE), Fault Detection and Differentiation (FD&D), 
and monitoring techniques. The philosophy of readiness for each stage in piece of 
equipment's lifetime is based on these capabilities and techniques, especially for the test, 

verification and operations phases. 

Since autonomous checking involves both inter- and intra-system "communications", 
interface identification and verification need to establish proper functioning. Ground 
processing is based on sequencing of hardware as constrained by integration, test and 
assembly. Assembly involves not only the manifesting and launch of the vehicle, but also 
the construction and interfaces of the Assembly Node. Assembly in space requires that the 
self- c hec k capability be pan of the process of construction and operations, since the 
Hwnanti in manpower otherwise needed to perform test and checkout would overwhelm 
any support function or the limited crew. 

Test, verification and operation of the Mars vehicle puts this self-check philosophy into 
practice. The overall test approach utilizes self-checking at the component and system level 
to perform both initial and continuous testing. This imbedded self-check capability is also 
used in the verification phase for rechedring components and systems within the integrated 
elements. Operations will use continuous on-board autonomous checking during each stage 
of the mission. Without this capability, monitoring and statusing over the life of the vehicle 
would require more EVA work than the schedule can afford. This requires that the Data 
Management System of the vehicle (independent flight) and the Earth/ SSF based assembly 
control point software has the capability to interpret the BIT/BITE results, separating 
sensor failure from component failure, and referencing .affected areas. 

Self- checking will reduce the time and increase the efficiency of the testing, verification 
and operation phases of the Mars vehicle program. In order to best realize these benefits, 
the processing, integration and assembly phases must be planned in accordance. 
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Verification of Operational Readiness 
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Verification of Operational Readiness 
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Mars Aerobrake Assembly and Integration 
at (he VAB 
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Mars Aerobrake Launcli Option 
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Launch Site Impacts 
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Launch Site Impacts 
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Cryo/Aerolirake Mission Operations Outline 
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Mars Major Mission Operations 

Cryo-Aerobrake 
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Mars Mission Operations Task Flow 
Cryo/Aerobrake 
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Ground Assembly and Check Out 
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Earth-to-Orbit (ETO) Heavy Lift Launch Vehicle (HLLV) Definition Trades. 

An airplane must be designed considering the airports it flies to and from and the 
cargo/passengers it will have to carry. In a similar fashion a launch vehicle must be 
d e signed considering cargo manifest and transportation node requirements. 

Externally mounted aerobrake. Payload fairings are used on launch vehicles when the 
payload cannot withstand the aerodynamic and heating environment of launch. The Space 
Shuttle Orbiter is an example of an item which is rugged enough to be launched without a 
protective fairing. Since an aerobrake of the type being considered for SEI missions is 
designed to operate under severe aero ther m al conditions, consideration was given to 

launching it without a fairing. 

Aerobrakes are large and low density. If the brakes are launched with a protective fairing, 
reasonable of launch vehicles leads to volume-limited launches of brake segments. 

This launches and requires on-orbit assembly. The latter can add weight to the 
aerobrake in the form of field joints for the brake segments and also requires a final 
assembly building' in orbit. The potential penalties of launching an exposed aerobrake 
(1) ascent performance penalties to the launch vehicle, and (2) structural and 
thermal protection additions if the launch environment is different than the brake mission 

environment 

The first two charts illustrate some configurations of an aerobrake on a Shuttle-derived 
launch vehicle. Launch performance is being investigated to determine feasibility of this 
concept If it proves feasible, then the next step would to be to compare the brake design 
impact for external launch to the impact for launch in segments. 

HLLV Sizing. The optimal size of a HLLV is a tradeoff between increased development 
cost for a larger vehicle versus fewer flights and lower on-orbit assembly costs. The next 
chart shows the variation in number of launches and achieved payload average mass for 
three sizes of HLLV and four transfer vehicle propulsion options under consideration. 

Transport Node Location. The next chart gives comparative data on alternative 

locations for a transportation node. From a propulsive standpoint, a transport node should 
be located as close to the Earth as possible if a shift from low Isp (chemical rocket) to high 
Iso (electric) is occurring, so as to maximize the fraction of the mission AV performed by 
S uSp pSpolsioS: Even if the Isp U no. changing (chenhcal nxtfce. both for ETO 
and transfer), the closer the node is to the Earth, the less propellant expended to get the 

node hardware on site. 

Mani festing The remaining charts in this section deal with manifesting of a ETO HLLV. 
Two large fairings are considered: a 7.6x30m fairing with a 120 ton lift capacity, and a 
10x30m fairing with an 84 ton capacity. A nuclear electric propulsion (NEP) vehicle will 
require seven ETO launches. This includes two launches with the smaller fairing and five 
with the larger. A solar electric propulsion (SEP) vehicle requires only six ETO launches, 
with five of them using the larger fairing. A nuclear thermal rocket (NTR) transfer vehicle 
will require nine ETO launches, with six required to be the larger fairing size. The implied 
vehicle design density for payload envelopes is about 40 kg payload per cubic meter of 
volume. This means the vehicle should be optimized for this payload density, with 
allowance for putting larger or smaller fairings on for particularly dense or bulky payloads. 

Using a larger ETO Heavy Lift Launch Vehicle, with a 10x30m fairing and a 1401 capacity 
reduces the number of launches required. In the NEP case the launches are reduced from 
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seven to five. In the SEP case the flights are reduced from six to five. In the NTR case the 
launches are reduced from nine to seven, although one flight is very lightly loaded. 

The last several charts compare a cryogenic propulsion transfer vehicle with aerobrakes for 
arrival at planets to other transfer vehicles as far as ETO flights required. In the mixed 
7.6x30/10x3Qm HLLV case, 11 flights are required for the Cryogenic transfer vehicle, vs 
9,6, and 7 for NTR, SEP, and NEP respectively. For the larger, 140 metric ton capacity 
HLLV, 8 launches are required for the Cryogenic transfer vehicle, versus 7,5, and 5 for 
the NTR, SEP and NEP respectively. 
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Integrated Aerobrake Launch Opti 
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Integrated Aerobrake Launch Option 
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On-Orbit Assembly Analysis 
(HLLV Missions to LEO) 
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7.6m x 30m Shroud (120 mt) 
10m x 30m Shroud (84 mt) 
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* 7.6m x 30m Shroud (120 nil) 
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NTR MANIFESTING USING l«m x 30m SHROUD, 140 mt HLLV 

(Sheet I of 2) 
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Mission Four: 

Earth Departure Tank (2nd of 2, 13.3 mt offloaded) 


NTR MANIFESTING USING 10m x 30m SHROUD, 140 mt HLLV 
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Manifesting and Assembly Operations- continued 


i 

§ 




IT 


899 


D615-10026-1 PRECEDING PAGE BLANK NOT FILMED 




o> 



•3 eg 

M ji \ « 


^3 



co 

• OT 

** 

"5 

5 

V 

« 

mmm 

fa*. 

** 

o 

L* 

CL 

O 

O 

CO 

CS 


co 

X! 

c 

£ 

o 

S3 


co 

2 

co 


cc 

2 


00 

w 

c 

5 

c 

o 

op 

a 

* w 

a 

1 a 

33 

& 

*■» 

• mm 

2 



CO 


w c: A 
co Cl, 
p m 

Q. * co 

KS-2 

1 2 f- 

u 12 2 

2>£b z 

i<£ 

= ® 2 

£ o. g 

« 3 -J 
J3 co w 
— O O 


= -ZZ 

O -3 

C Cl 

£ j? 

O 

jg c 

co « 

»* op 

QJ C 


T5 e 

ts £ 

= CO 

£ <u 

c CO 

3 t 


.2 0> 

j= *n 

OJ .c 

> Uf 

0) « 
co tc 

Si C5 
rC =J 

e- cr 


c E c 

6 C8 

£ S 

co O 

* w 

CO 

^ 2 

2 g. 

re O 


t 


I 



D615-10026-1 


900 


r 3 M 

k" 

Id 


"33 •£ 
> 2 
o> 5 

cj c 

S U 

« 4) 

— N 

«« 55 


71 


MNJJd 

i_XLLl 

I i/ i 'N I 

r: i n ix 


IX 





N 

M K1 M 

1 


ix 11 n 





rvl 


^ CO 

si 

BE 

Vj Co 
% Uj 

51 S 
*2 


®0II 


®f9 


cnOS 




ss 

< 


u 


u 


D615-10026-1 


< 


/S*l'CAI:M/ri:K/l6Jaii9l 







On-Orbit Assembly Concepts 
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On-orbit Assembly Concepts- continued 
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NTR - Manifesting and Packaging (continued) 

(IOm x 30m Shroud, 140 ml IILLV using "Smart" HLLV Platform) 
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NTR Top Level Assembly Using 
Dedicated Platform Concept 
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NTR Top Level Assembly Using 

Dedicated Platform 
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NTR Top Level Assembly Schedule 
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Ground Rules and Assumptions lor 
Ground Processing 
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NTR System Interfaces (Top Level) 
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NTR Ground Processing Functional Flows 
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Special Ground and On-Orbit Processing 
Facility and Equipment Requirements 
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Summary (Ground Processing, Manifesting, 

On-Orbit Assembly) 
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SECTION 1 


INTRODUCTION 


The United States is entering an era of expanded space exploration activity that will involve 
manned missions to Mars. NASA Marshall Space Flight Center (NASA/MSFC) has thus funded a 
study of Space Transfer Concepts and Analysis for Exploration Missions (STCAEM). A key 
aspect of this study is the utilization of high energy, cryogenic propellant for both Chemical 
Propulsive and Thermal Nuclear Rocket vehicles. Boeing Aerospace has contracted General 
Dynamics Space Systems Division to analyze orbital propellant depots for these mission scenarios 

and vehicle concepts. 

The objectives of the orbital propellant depot analysis were to: (1) review requirements for orbital 
depots, (2) perform preliminary trades for orbital depot, location, configuration, and operation, (3) 
perform analysis of integration compatibility of mission vehicles and depots, (4) develop initial 
depot concepts, (5) identify depot technology requirements, and (6) estimate non-recurring and 
recurring depot facility costs. These objectives are su mm a ri zed in the chan “Orbital Propellant 
Depot Study Objectives”. This report summarizes the initial findings of this preliminary study. 
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SECTION 2 


REQUIREMENTS ASSESSMENT 

The following requirements taken from the Space Transfer Concepts and Analysis for Exploration 
Missions third quarterly review by Boeing Aerospace and Electronics, 22 June 1990 were assessed 
and updated where appropriate. Revisions, annotations and co mm ents relative to the requirements 
are highlighted with bold letters, otherwise the requirements are deemed valid for this study. The 
reference in brackets refers to the view graph chan in the third quarterly review package. Vehicle 
configurations are shown in the charts “Cryo/AB Reference Configuration” and “Nuclear Thermal 
Rocket (NTR) Configuration”. 

(1) Mars Transfer System (MTS) [VG 2-01] 

(a) All passive cryogenic control system. 

(b) No MTV-TMIS fluid transfer before earth departure. (MEV tanks refrigerated or filled 
after MOI). [VG 2-02] 

(2) Mars Transfer Vehicle-Trans-Mars Injection Stage (MTV-TMIS) [VG 2-02] 

* 

(a) Passive thermal control system including zero-g thermodynamic vent system coupled to 
multiple vapor cooled shields. 

(b) TMIS insulatin g system is a continuously purged MLI over foam design optimized for 
minimum ground-hold, launch, and orbital boil-off. Includes vapor cooled shield 
(coupled to TVS) outside of foam. 

(c) TMIS tanks launc hed late in assembly sequence to minimize orbital stay time before TMI 
bum (6 months • This orbital stay time increased because 90 day ETO 
launch centers were used where possible). 

(3) Mars Excursion Vehicle (MEV) [VG 2-03] 

(a) Passive cryogenic storage system: MU with vapor cooled shields. 

(b) Gravity field environment elimina tes need for zero-g acquisition and venting. 

(c) Vac uum jac k e te d ascent tanks for Mars boiloff reduction. 
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(4) Reference Cryo/Aerobrake Configuration [VG 3-01] 

(a) A core stage with “plug-in” propellant tanks. Tanks and core stage rendezvous and dock 
automatically. Core stage provides simple plumbing. Vehicle assembled in SSF orbit. 

(b) MTV prop. 85,141 kg. 

(c) TMI prop. 490,950 kg, inen stage 54,560 kg. Six liquid hydrogen/LOX tank sets (five 
plus the core) each 7.4 m dia. x 15 m w/ shielding. 

- (5) Nuclear Thermal Rocket [VG 3-10] 

(a) Vehicle assembled in SSF orbit LH2 propellant fan ire 

(b) Earth Orbit Capture (EOC) prop. 27,756 kg, 

Trans Earth Inject (TEI) prop. 59245 kg. 

One EOCITEI common tank 10 m dia. x 19m, 13,845 kg. 

(c) Mars Orbit Capture (MOC) prop. 151,680 kg. 

Two tanks 10 m diaat 17 m, 25^72 kg. 

(These tanks were reduced to a one tank configuration with a m as s value 
equal to 60 mT). 

(d) Trans Mars Inject (TMI) prop. 286,146 kg. Two tanks 10 m dia. x 30 m , 

43,092kg. (Valid for missions one through four only). 

Mission Model 

The following mission model has been ass umed for the trade study evaluation. 

(a) Seven missions with five non-reusable tank sets per mission. ( This was assessed to be 

three tank sets for the minimum science missions and six tank sets for the full 
science missions). 
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Nuclear Thermal Rocket (NTR) Configuration 
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SECTION 3 


ORBITAL PROPELLANT DEPOT TRADES 


This section reports on the orbital propellant depot trade evaluations of operational location, 
accommodation selection (Space Station Freedom verses free flyer), and propellant transfer 
•methods. Passive verses active refrigeration was previously evaluated under the Long Term 
Cryogenic Storage Facility Study and not repeated under this contract. 

3.1 OPERATIONAL PROPELLANT DEPOT LOCATION 

Of the five locations identified for the cryogenic depot, LEO represented the lowest mass to orbit 
and lowest operational complexity of the choices of LEO, GEO, Libration Point 2, and LLO. A 
summary of the potential depot locations is shown in the “Depot Location Sensitivity’. The 
reduced vehicle mass resulting from higher launch orbits is nonetheless too small to balance out the 
large increase in ETO Mass required to ferry MTS and depot components, the result being an 
increase in overall ETO requirements. With no assumption of Lunar Propellant Production, Lunar 
vicinity locations lose their appeal due to the above reasoning. The complexity inherently involved 
in a split mission, LMO or Mars surface location- for a cryogenic depot requires more detailed 
attention and has been covered in a separate section of this report. 

Takine the above reasoning into account and allowing for man-tended personnel requirements of a 
"c depot. a SSF co-orbiting altimde in UO waa chosen . be tire bear suired .age. iocation 
for a baseline of the depot trade. The added burden of establishing risk due to and necessary 
shielding required against micrometeoroid and orbital debris was recognized and has been detailed 
in a following section illustrating shielding requirements. 

3 2 SPACE STATION FREEDOM OR FREE FLYER DEPOT ACCOMMODATIONS 
3.2.1 Introduction 

Given the co-orbiting nature of the baseline depot location, two possibilities exist: co-locating the 
node on SSF or utilizing a free-flying, co-orbiting depot. The issues associated with each are 
given in the chart “SSF Located vs. Separate Free Flyer”. Given the stringent requirements for 
SSF microgravity experimentation and current efforts on the downsized space station 
configuration, the large masses reflected in the depot component of the vehicle propellant 
requirements point to the infeasibility of co-locating depot tanks on SSF. Vibrational disturbances 
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of both high and low frequency occurring during mating of the depot tanks, as well as the 
comparable mass of the tanks with respect to station’s downscaled overall mass, add severe 
operational complexity to SSF operations and may also lead to control problems due to the large 
C.G. shift caused by incorporation of the tanks. 

A separate co-orbiting free flyer configuration would clearly add complexity to the infrassucture as 
the depot would incur separate power, reboost/deboost, and GN & C requirements. These 
•components have been incorporated into the model manifests. Additional requirements are 
imposed by the co-orbiting nature of the concept With respect to robotic operations, line-of-sight 
between SSF and the depot must be maintained. Man-tended operations require that the depot be 
located within the range of STS or other SSF-based personnel vehicles. 

Due to the higher density and reduced cross-section of the depot configurations with respect to 
SSF, the ballistic behavior of a free flying depot poses the need for deboost as well as reboost 
capability. The faster decaying orbit of SSF would cause it to fall and accelerate away from a 
depot without the ability to pace. The option exists for using a greatly reduced aerobrake or other 
drag-inducing device which could be actively controlled to match orbital decay rates with SSF, 
thus saving propellant aboard the depot and possibly eliminating the need for reboost capability of 

the. depot, relying instead on LTV or similar vehicles to provide the necessary reboost thrust during 
S SF reboost phase. 

3.2.2 Orbital Debris Environment 

With the selection of LEO for the SSF, co-orbiting depot location is linked the burden of 
identifying the orbital debris and micrometeoroid environment and dete rminin g the resultant risk to 
space structures so that they may be sufficiently shielded from such threats. The orbital debris 
environment is summarized in the charts “Orbital Debris Environment”. 

Although traveling at hypervelocities (-20 km/s), micrometeoroid panicles do not pose the largest 
threat to the integrity of space structures. Their relatively small size and mass overshadow the High 
speeds with which they impact objects in orbit, contributing mostly to pitting or abrasion of 
protective coatings. Their r a n do m entry into earth atmosphere makes for an evenly dis tribu ted 
fluence, with no one orientation seeing a concentration of impacts. 

Orbital debris on the other hand poses a greater nsk. Ori ginatin g frnm intentional or accidental 
fragmentation of payloads, spent rocket bodies, or jettisoned payload equipment, these large 
particles carry sufficient velocity (-7 km/s) and mass to cause serious damage if not properly 
protected against In a report on orbital debris by the National Security Council, data from ground 
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based telescopes, shuttle data, and recovered satellites (Solar Max. Palapa B) were used to model 
the micrometeoroid and orbital debris environment in LEO. Based on current launch rates, a model 
for the orbital debris environment in 2010 was extrapolated, revealing the predominance of the 
orbital debris threat over that of the micrometeoroid threat. 

A range of debris sizes from 1-4 cm was identified as the most threatening. Above or below these 
sizes, methods to counter damage are through collision avoidance maneuvers or shielding, 

• respectively. However, due to the uncertainty inherent in current debris cross-sectional area 
measurements, an order of magnitude uncertainty in particle size was considered appropriate to 
determine impact probability. At the lower end of the range, the frequency of 0.1 cm objects 
striking a space structure located in LEO was determined to be .02 impacts per square meter ♦ year, 
which is the rate employed in determining impact risk to vehicles during assembly. 

3.2.3 Impact Risk 

Given the configuration of the Cryogenic All Propulsive (CAP) and Nuclear Thermal Rocket 
(NTR) Conjunction Class Mars Transfer Vehicles which a depot might support, overall cross- 
sectional areas presented by the vehicle tanks were calculated and the probability of impact was 
determined based on the highest fluence found for particles in the .1-4 cm range, this being .02 
impacts per square meter • year. This is shown in the chan “Impact Risk”. 

Based on the assumption of 90 day launch centers for delivery missions of vehicle components, 
the long duration on orbit leads to a good probability of impacts over the assembly life of the 
vehicle. Implications of such an impact on an unprotected structure are serious. Penetration 
resulting in loss of propellant could spawn loss of vehicle control due to uncontrolled thrusting or 
loss of crew memberfs) due to suit contamination. These issues are covered explicitly in the 
section on safety issues. 

Impact risk drives the depot configuration as shown in the chan “Shielding Considerations”. 

3.3 PROPELLANT TRANSFER METHODS 
3.3.1 Introduction 

The advantages and disadvantages of transferring cryogenic propellants in zero-g and artificial-g 
enviro nme nts are explored in this trade study. The “Zero-g Versus Artificial-g Liquid Transfer 
Trade Tree” outlines this trade study. Liquid hydrogen and liquid oxygen are the propellants 
considered (Cryo/Aerobrake configuration). The sensitivity of the results to only liquid hydrogen 
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Transfers (Nuclear Thermal Rocket configuration) is also examined. There are five main areas 
involved in liquid transfers: liquid acquisition, receiver tank chilldown, receiver tank filling, 
transfer method, and pressure control. The “Liquid Transfer Options Versus Depot Concept” 
shows that the technique selected for each area is specific to the depot concept. There are a number 
of techniques for acquiring liquid in zero-g, so these are traded first to obtain the “best” zero-g 
system. This “best” system is then traded against other types of liquid transfer which are germane 
to the particular depot concept 

3.3.2 Propellant Acquisition Trade Analysis 

3.3.2.1 Requirements. The primary requirement for this trade is that pure liquid be supplied at the 
tank outlet while in a zero-g environment. The fluids to be transferred are liquid oxygen and liquid 
hydrogen. The supply tanks are assumed to be large cylindrical type (>3m diameter). 


3.3.2.2 Descripti on of Candidate Design Approaches. The zero-g propellant acquisition 
candidates can be grouped into three broad classes: surface tension, positive expulsion, and other. 
Surface tension devices include screened channels, single or double screen tank linings, and 
perforated plates. These are commonly referred to as Liquid Acquisition Devices (LADs). These 
devices rely on the surface tension to wick only liquid to a tank outlet Positive expulsion devices 
include bladders, bellows, pistons, and diaphragms. The differences between bladders, bellows, 
and diaphragms can be seen in “Three Types of Positive Expulsion Systems”. All positive 
expulsion devices physically move a barrier to expel liquid. Other devices includes a wide range of 
systems, such as fluid rotation (by paddle or tangential jets), tank rotation, dielectrophoresis 
(which relies on the dielectric prop e r ti es of the fluid to orient liquid and vapor within an electric 
field), and acoustic/magnetic devices. 


3.3.2.3 Comparison of Alternative Approaches. Initial screening of the candidate approaches 
eliminated all but the five shown in “Propellant Acquisition Trade”. Piston devices were eliminated 
because of their inherent high weight and problems associated with their moving cryogenic seals 
Dielectrophoresis was eliminated beca u se no operational systems are available (although successful 
tests were completed with Freon 113 and LN2 in KC-135 flights). Also further work needs to be 
done to ensure safety for use with L02. Acoustic/magnetic devices were deleted from further 
consideration because attempts at demonstrating feasibility were nn<enr=r«»ssf u1 


“Propellant Acquisition Trade” shows the results of the propellant acquisition trade. Ratings of 1— 
5 were used with 1 being the best. Surface tension devices (LADs) are a clear winner, but the 
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other candidates are closely scored. Transfer time didn’t mm out to be a discriminator because 
they all can expel liquid at reasonable rates. 

The primary advantages of surface tension devices over the other systems are their low weight, 
simplicity, fluid compatibility, and long useable lifetime. Although their use has not yet been 
demonstrated with cryogenic fluids in zero-g. This presents some development risk since these 
devices fail when a portion of the screen unwets and vapor can be drawn into the tank outlet. 

• Screen unwetting with cryogens can be caused by heat transfer to screens which vaporizes liquid. 

Bladders provide a physical barrier between the liquid and the pressurant They are a relatively 
simple system. Data from previous development work (Reference 1) indicates that collapsing 
bladders are preferable to the expanding type. In the collapsing bladder system, the bladder 
collapses around a perforated standpipe. Bladders have been used successfully in non-cryogenic 
applications. Material compatibility problems present a large development risk for use with L02 
and LH2. Materials which remain flexible at cryogenic temperatures are not completely safe with 
L02. A problem with using these bladders with LH2 is that the hydrogen can permeate the plies 
and cause delamin ation when warmed back to ambient temperature. Some recent work has been 
done with al uminum bladders for non cryogenic fluids (Reference 6). If these could be applied to 
cryogens, they could solve most of the problems. 

Bellows can be cycled a large number of times (-1000 cycles) without fatigue especially at 
cryogenic temperatures. Another advantage of this system is that it eliminates the need for a zero-g 
ma« gage because the amount of liquid can be correlated with the position of the bellows. A 
major disadvantage of bellows is that they are heavier than other candidates. Manufacture of large 
(> lm) diame ter bellows presents a significant development risk. 

The diaphragm considered in this trade is a metallic reversing hemisphere. The primary advantage 
of this system is the low r esiduals (the lowest of the five systems considered in this trade). The 
main disadvantage is the low number of reuse cycles (5-10 cycles). 

The fluid rotation system considered for this trade uses a rotating paddle rather than tangential jets. 
The advantage this system is the positive positioning of the liquid so that mass gaging and 
venting systems can be easily incorporated. The primary disadvantages are the need for a motor 
drive system and the high re siduals. Also this system is better suited to spherical tanks. 

3.3.2.4 Sensitivities. If LH2 was the only propellant as in the Nuclear Thermal Rocket 
configuration, the mater ial compatibility problems associated with L02 would be eliminated. 
However, the surface tension system would still be the preferred option. 
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3.3.2.5 Conclusion and Recommendations. The surface tension device system is recommended 
as the best candidate for zero-g liquid acquisidon. Zero-g, cryogenic testing/demonstration of 
LADs are required prior to use in the Advanced Space Transportation Vehicle. The Cryogenic On- 
Orbit Nitrogen Experiment (CONE), an STS flight experiment scheduled for 1995, will be testing 
LADs with LN2. This will hopefully provide enough data to verify models and give confidence to 
LH2 and L02. 

3.3.3 Depot Concept Trade Analysis 

3.3.3.1 Requirements. The requirements for this trade are the same as those for the propellant 
acquisition trade. Namely that pure liquid be supplied at the tank outlet while in a zero-g 
environment. The fluids to be transferred are liquid oxygen and liquid hydrogen. However, there 
are not any constraints on the size or geometry of the supply tanks 

3.3.3.2 Description of Candidate Design Approaches. The four depot concepts considered in this 
trade are: non propulsive (zero-g), linear propulsive, rotating propulsive and tether. As shown in 
“Liquid Transfer Options Versus Depot Concept”, the latter three concepts all use the gam# 
techniques for receiver chilldown, receiver filling, and pressure control. The only difference being 
that the rotating propulsive concept would not require pumps for transfer. 

* 

9 

The non propulsive concept is our baseline and is shown in “Depot Concept for Support of CAP 
Vehicle” and “Depot Concept for Support of NTR Vehicle” This baseline concept is essentially a 
truss structure with large cylindrical tanks. The tanks contain liquid acquisition devices (LAD’s). 
This passive depot concept was studied extensively under the Long Term Cryogenic Storage 
Facility Systems Study. 

The linear propulsive concept consists of a structure with tanks mounted on it Thrusters are 
mounted on the structure to provide a linear thrust The liquid can then be settled to one end of the 
tanks. Settling would be required to acquire liquid from the supply tank and prior to any venting. 

The rotating propulsive option consists of toroidal tanks which rotate about their centers. 
Thrusters are required to provide rotation which forces the liquid to the outside of the tori. By 
positioning the receiver tank at a radius greater than the radius of revolution of the torus, transfer 
can occur without a pump. 

The tether concept relies on the gravity gradient along a radius from the earth. If the depot has 
tanks that are separated by a sizeable distance (e.g. dumbbell), then the axis of the depot will align 
with the Earth’s radius and will orbit at a velocity of the depot’s cente r of mass Since the liquid in 
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the tank closest to the earth is traveling at a velocity less than that required to keep it in orbit at this 
distance from the Ear th, the liquid will be pulled toward the Earth. Similarly, in the tank furthest 
from the Earth, the liquid is travelling faster than required to keep it at that distance from the Earth 
so it is pulled away from the Earth. Thus, the liquid settles away from the center of mass of the 
depot and settled operations can be performed. 

3.3.5.3 rnnrnarkon of Alternativ e Approaches. The amount of propellant used with the 
- propulsive options is dependent on the number of transfers and ventings that are required. These 

are in turn dependent on the number of missions, tanker capacities, etc. However, the propulsive 
option presents the least technical risk as far as the fluid processes are concerned. The rotating 
depot has the advantage that pumps are not required but there are a lot of other technical risks 

associated with this option. 

The tether concept requires large tether lengths, for example, an artificial gravity of 10-3 g’s would 
require a tether length of 1.4 nautical miles from die center of gravity. The main advantages of this 
concept are that it is passive and that settled chilldown, transfer, and pressure control techniques 

can be used. 

3.3.3.4 R^nmmffTiriaTion. Further study is required to determine which of the concepts is best 
overall. However, the baseline concept presented elsewhere is the non propulsive (zero-g) system 
due to the extensive study that this concept received under the Long Term Cryogenic Storage 
Facility Systems Study. This trade analysis is summarized in the chan “Depot Concept Trade 

Analysis”. 
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Three Types of Positive Expulsion Systems (Propellant Acquisition Trade Analysis) 
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were eliminated because of their inherent high weight and problems associated with their moving 
cryogenic seals. Dielectrophoresis was eliminated because no operational systems are available 
(although successful tests were completed with Freon 113 and LN2 in KC-135 flights). Also further 
work needs to be done to ensure safety for use with L02. Acoustic/magnetic devices were deleted 
from further consideration because attempts at demonstrating feasibility were unsuccessful. 
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Diaphragm System 


Propellant Acquisition Trade 

Surface tension devices (LADs) are a clear winner, but the other candidates are closely scored. 
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The surface tension device system is recommended as the best candidate for zero-g liquid acquisition. 
Zero-g, cryogenic testing/demonstration of LADs are required prior to use in the ASTV. 
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Ratings of 1-5 with 1 being the Best 



Depot Concept Trade Analysis 
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Further study is required to determine the best overall system. The 
baseline non propulsive concept was chosen due to the extensive work 
performed under the Long Term Cryogenic Storage Facility Systems 
Study. 


SECTION 4 


MISSION INTEGRATION AND MANIFESTING 


This section presents a summary of the exploration scenarios for the Mars mission models 
evaluated. Three fueling options were considered for each of the two Mars exploration scenarios. 
This analysis helps establish depot capacities and identifies top level trends when a depot is 

included in the LEO infrastructure. 


4.1 EXPLORATION SCENARIOS 

Two Mars mission models were supplied to use as references, they are termed the Minimum 
Science Scenario and the Full Science Scenario. These two models of extraterrestrial exploration 
differ greatly in scope, as their names might suggest A comparison of the two scenarios will 
show exactly how the two vary in terms of human presence, technology required, strategy, and 
cost The main points of this discussion are summarized in "Summary of Exploration Scenarios”. 

The Minimum Science Scenario is the less ambitious of the two, fulfilling a philosophy to visit 
diverse sites on the Martian surface for brief human exploration. It comprises three missions over 
the nine years from 2015 to 2023. The missions in each case are identical in operations and 
hardware, but visit different Martian sites. Each is a conjunction class mission carrying six crew. 
The Martian surface payload is delivered by two landers, and consists of crew accommodations for 
30 days, two unpressurized rovers that can be operated manually or telerobotically, and other 
exploration tools. The MTV utilizes cryogenic liquid hydrogen (LH2) and liquid oxygen (LOX) 
propulsion, and is totally expended through staging during each mission. The crew eventually 
returns to Earth by Apollo-style reentry. This program is somewhat stand alone, meaning a non- 
reliance on any dedicated space infrastructure. 


The Full Science Scenario, on the other hand, places an emphasis on the es t a blishm ent of long 
rn-m ha«* and extensive surface exploration. Two manned bases are founded during six missions 


that span from 2009 to 2023. Each mission is unique, and fulfills a particular step in the 
establishment, expansion, and consolidation of the bases. This model also used conjunction class 
missions, but the crew size increases from 6 to 12 on the fourth mission. In order to support all of 
this activity at Mars, the MTV u tilizes more advanced Nuclear Thermal Rocket (NTR) propulsion, 
which is assumed to be mature and man-rated by 2009. The propellant for this propulsion 
technology is LH2 only. Another difference from the Mi nim u m Science Scenario is that much of 
the MTV is refurbished and reused after its return to Earth vicinity. The reusable parts include the 
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crew habitat, truss, reactor, engines, and shielding. For those missions which employ recycled 
MTVs, only the payload, MEVs, and crew need to be delivered to orbit. Upon capture at Earth, 
the NTR is inserted into a high orbit An LTV must act as a ferry, bringing propellant to the NTR 
for the return to LEO, and retrieving the crew returning from Mars. 

4.2 FUELING OPTION EVALUATIONS 

- A major consideration in the assembly and preparation of an MTV is to deliver the propellant 
required for the mission while accounting for the amount of propellant lost during the assembly 
phase, which can at times be significant Four different options of fuel delivery were derived for 
analysis. The first is termed the "direct launch" scenario. The others are identified by the way in 
which the MTV tanks are delivered, either wet, which means partly filled, or dry, which m^anc 
only inert tank structure is delivered, and the tank will be filled on orbit For both the wet and dry 
launch of vehicle tanks, the auxiliary propellant can be provided from either a tanker or a depot 
The options were prioritized to reflea which were most critical for comparison. Dry launch of 
vehicle tanks was not addressed in this study. Initial evaluations indicated that dry launch of 
vehicle tanks would require additional ETO delivery flights that may be unnecessary. However, 
later safety evaluations show a benefit for dry launch of vehicle tanks. 

In the direa launch scenario, the MTV tanks are modified in either capacity or number to account 
for the boiloff during the remainder of the assembly phase. It is desired to keep the propellants 
stored on orbit for as shore a duration as possible, so they are delivered last to the assembly site. 

The mission will be ready for departure soon after the final tank is delivered to orbit. 

« 

The tanker top off case assumes the MTV to be assembled with partly full tanks in order to 
m i nimiz e ETO delivery flights. The tanks are then filled to capacity, or topped off, from higher 
capacity propellant t anker s as the final step before departure. A pictorial summary of this option is 
given in 'Tanker Top Off Reference Mission". With this method of fuel delivery, the boiloff 
penalties imposed by having the large amounts of propellant on orbit for the assembly phase are 
avoided, while each ETO launch is still being utilized efficiently. The tankers used here are 
essentially "dumb” tanks, carrying the minimum requirement of structure, instrumentation, and 
insulation to maximize the propellant load for the given launch vehicle. For the Full Science 
Scenario, the tanker need cany only LH2, but the Minimum Science S cena rio has a dual 
configuration, with both LH2 and LOX. Upon arrival at the assembly area, the propellant is 
immediately transferred to the vehicle tanks where it resides until use. 
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The depot top off case also seeks to decrease the boiloff losses, but through storage to better 
insulated depot tanks rather than MTV vehicle tanks. The depot is assumed to be deployed during 
an independent operadon to takes place prior to the first MTV element launch. The depot tots, 
which are launched full and expended after use are maneuvered to depot proximity by an advanced 
upper stage. A telerobotic RMS would then grapple the tankset and berth it to the depot truss. 
These depot tanksets are delivered after the MTV/MEV hardware has been delivered and integrated, 
but before the less efficient MTV tanks are launched to orbit. After the vehicle tanks have been 
' delivered and assembly is complete, the MTV undergoes checkout procedures at the assembly 
node. It will then transfer over to the depot under it’s own power for topping off, then depart for 
Mars from to location. A summary of the depot top off option is presented in "Depot Top Off 
Reference Mission". It should be noted to the depot in the Full Science Scenario would need to 
accommoda te not only LH2 for the NTR, but the LOX needed for the LTV rendezvous and 

propellant delivery mission. 

All of these fueling options, direct launch, tanker top off. and depot top off, were applied to each 
of the Mars exploration scenarios. The whole structure of this trade tree is shown m the chart 
"Depot Need Assessment Trade Tree". The dry launch options for fuel delivery were not 

considered, but are shown in the figure for completeness. 

4.3 MANIFEST ANALYSIS 

A systematic approach to the analysis of each of the trade study cases was adopted and will be 
summarized here. "Case Analysis Approach" shows this approach. The first step was to identify 
the individual components of the MEV and MTV, either CAP or NTR. Each element was 
characterized in terms of its mass and packaged dimensions. These discrete elements were then 
manifested in the launch vehicle in a way that minimized the number of ETO flights for delivery. 
TTbeassumptions under which to is done arc spell* ou. in "ETO Manifesting Gmundnties and 
Assumptions". A complete list of vehicle components and manifests for each HLLV flight are 
listed in the charts "CAP Component Data" and "NTR Component Data". When conadermg the 

_ ifesnng of the wet MTV tanks, they were filled to whatever capacity was required to bring 

down the ETO flight requirement. Based on to vehicle manifest, detailing the amount an 
delivery schedule of the MTV tanks, the boiloff and transfer losses could be calculated. Thiswas 
done on the basis of a flat percentage per month for boiloff and a fixed percent rate lost per metric 

ton transferred. A table of tankage data used is presented in the chart "Propellant Tankage Data . 

These three steps, component identification, manifesting, and loss calculation, were commonto 
each analysis. What was done with this data, however, varied from case to case, as described 

below. 
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For the direct launch case, where the lost propellant must be delivered in the MTV vehicle tanks, 
the losses were used to redistribute the propellant delivery by either resizing MTV ranks or adding 

more of them. These new additions were then worked into the manifest as shown bv the 

* 

directional arrow. 

In the case of tanker top off, the boiloff and transfer losses were used to find the number of 
propellant tanker missions required to top off the vehicle for departure. These tanker missions 
were then added to the vehicle delivery manifest as the final mission before departure. 

For the depot top off case, the propellant lost through boiloff or transfer had to be replaced with 
fuel stored at the depot For both the Minimum Science Scenario and Full Science Scenario, the 
depot was sized to accommodate the largest propellant load required for any one Mars mission. 
Once the depot is sized, the ETO flights that are necessary to restock the depot are included in the 
ETO manifest before the MTV tanks are delivered. 

4.4 INTEGRATION AND MANIFESTING RESULTS 

An important indicator of the practicality and cost of a LEO system is the n umb er of launch vehicle 
flights required to place and maintain the system. The charts "Minimum Science Sce nari o ETO 
Requirements" and Tull Science Scenario ETO Requirements" show these requirements for each 
of the fuel delivery options. 

The height of each bar shows the total number of flights per year, and the shading of each portion 
of the bar indicates the specific type of payload carried. The order of delivery in each year 
proceeds from the bottom of the bar to the top, and the numbers in each boxed division show 
which mission the payload is to support The order in which these items is important because it 
impacts directly the amount of boiloff from delivered propellants. The tanks with the largest 
boiloff rate or largest propellant load are placed as close to the end of the manif est as possible. 

It should be noted that the propellant ta n ks for the CAP vehicle needed to resized in the direct 
launch case. The TMI tanks were taken to the capacity of the launch vehicle, 120 metric tons, 
while maintainin g the same tank mass fraction. With an upgraded capacity of 111 metric tons of 
propellant, boiloff during assembly could be accommodated without additional tanks The 
MOC/TEI tanks were increased to 75 metric tons for the same reason. 

To summarize the Minimum Science cases, the direct launch and the tanker top off cn^nari n^ both 
require 11 HLLV flights for mission delivery. The depot top off case requires a total of 12 HLLV 
flights per mission. This is not surprising, considering the depot boiloff rate is only 02% per 


% 
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month lower than the MTV tanks. If the difference were greater, we may expect a greater benefit 
from using the depoL 

The results for the Full Science Scenario are presented in a similar format in "Full Science Scenario 
ETO Requirements". A dramatic increase in the total number of flights is required by the larger 
number of missions. Since some of these missions fall on successive conjunction opportunities, 
pushing the ETO flight over the 4 per year that can be supported by one launch pad with a 90 day 
• turnaround. If launch facilities can be prepared no faster than 90 days, these results could serve to 
justify the existence of at least two pads with associated equipment to support up to six launches 
per year. A two pad scenario would seem a prudent alternative when considering the possibility of 
catastrophic failure or surge operations. Even though two pads were necessary in scheduling these 
flights, efforts were made to spread the flights equitably, minimizing the flights per year. 

In considering the direct launch option, the NTR TMI tanks had to be decreased to fit on a 120 
metric ton launch vehicle completely full. Maintaining the same tanks mass fraction, these tanks 
were reduced to 103 metric tons each, and three to four were required, rather than two. The aft 
tank was increased to 75 metric tons from its previous capacity of 60 to allow for boiloff. Even 
though all the propellant is being launched in wet MTV tanks, some tanker missions are still 

required to refill the aft tank before reuse. 

To summarize the resulting flight rate for the Full Science Scenario, the depot option requires one 
additional ETO flight over the 17 year mission model than the tanker option, and two flight more 
than the direct launch option. This is a significant improvement over the depot performance in the 
Minimum Science Scenario, where the penalty was one flight per Mars mission. This 
improvement is due largely to the fact that the difference between the depot and MTV tank boiloff 
for hydrogen only is 1.0% per month, larger than the difference for the combined LH2-LOX 

tanks. 

Noticing this trend, a short sensitivity trade was un d ertak en to further investigate this relationship, 
it was desired to chart the behavior of the system as the MTV tank boiloff rate was increased to two 
times, then three times the reference value. In order to fully account for life cycle costs, the entire 
Mars exploration scenario had to be considered. Because it is less intensive, the Minimum Science 
Scenario was the first undertaken; due to time constraints, only that scenario could be completed. 
Only the tanker top off and depot top off fueling options were considered, because the direct option 
may have necessitated drastic redesign of the propellant tanks, which would not only impact the 
MTV design, but mission performance. Graphical results of this analysis are provided in "ETO 
Flight Rate Sensitivity to MTV BoilofT. Over the complete mission model, increasing the MTV 
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boiloff by a factor of three will add another 12 flights to the tanker case, but only three to the depot 
case. This result is dramatic, but an even more exaggerated effect may be observed in the Full 
Science Scenario. 
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. RIGOROUS SURFACE EXPLORATION UTILIZING MULTIPLE MEVs, TELEROBOTIC ROVERS 
. ADVANCED TECHNOLOGY - NUCLEAR THERMAL ROCKET WITH REUSABLE ENGINE, HAB, TRUSS, AFT TANK 

• ZERO-g MARS TRANSFER, LTV MUST DELIVER FUEL AND GET CREW 
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The method of analysis for each of the three fueling options is shown. The first step was to identify the individual 
components of the MEV and MTV (whether CAP or NTR) and characterize each component in terms of its mass and 
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Minimum Science Scenario ETO Requirements 
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Full Science Scenario ETO Requirements 
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SECTION 5 


PROPELLANT DEPOT CONCEPTS 

5.1 LEO PROPELLANT DEPOT CONCEPTS 

5.1.1 Concept Description 

The depot concepts presented here reflect the current understanding of all-passive ther mal 
controlled, zero-g fluid transfer depot technology, which was initially pursued in the Long Term 
Cryogenic Storage Facility (LTCSF) report issued by General Dynamics Space Systems in October 
1988. Currently work has been conducted on zero-g and artificial gravity transfer of liquid 
propellants which has been included within this report in a detailed section. 

Four LEO orbital propellant depot configurations were identified as potential candidates and are 
shown in the charts, “Depot Concept for Support of CAP Vehicle”, “Depot Concept for Support of 
NTR Vehicle”, “ET Shielded Depot Configuration”, and “Gravity Gradient Stabilized Depot 
Configuration”. 

Both CAP and NTR supporting depot configurations utilize a composite truss modeled on the 
current Warren type (alternating battens) truss baselined for use on SSF due to its improved 
torsional stability and single member failure tolerance. It will be of a collapsible design to facilitate 
stowage and deployment in order to minimize EVA requirements. The keel section of the truss in 
the NTR configuration offers attach points far tank hardpoint fixtures, yet offers little in the way of 
strengthening, such that the members for both configurations would be s ized similarly by 
flexibility and dynamics constraints. 

Both concepts include all-passive, vented tanks. The CAP configuration maW»c use 0 f 
200,000 lb LH2/LOX tanks proscribed in the LTCSF study. The largest tank size was selected 
based on payload lift capability. The NTR configuration matra use of nine all hydrogen tanks and 
one oxygen tank to supply the MTV with hydrogen propellant as well as an LTV and the depot’s 
own reboost thrusters with both hydrogen and oxygen for their bi-propellant thrusters. Both 
configurations employ Vapor Cooled Shields (VCS’s) interspersed amongst MLI blankets for 
passive cooling, utilizing boiloff from die hydrogen tanks as the heat transfer fluid within the VCS. 
Both are zero-g transfer concepts which make use of a Liquid Acquisition Device (LAD). 
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The ante are shielded by a separate, deployable "winged" shield comprised of aluminum sheet. 
MU, and a stand off to protect against both micrometeoroid and orbital debns damage. Making 
the shield out of a single sheet of aluminum is prohibitively weight consuming. By employing a 
standoff in the design, ejecta from the less weighty outer aluminum barrier are redirected at more 
incident angles to the inner MU layer and over a larger area to minimize energy concentranon o 
the initial impact. The MU blankets then absorb the remainder of any energy impane y 
projectiles penetrating the outer shield, thereby leaving the tank wall free from the shielding 
- system. Hie shielding is maintained separately from the tanks to minimize cross-sectional area and 
weight as well and to avoid the recurring weight penalty involved with launching the shield as a 
portion of the tank. The winged configuration is employed to shield the faces of the depot most 
vulnerable to impact by orbital debris as illustrated in the chart “Shielding Consideranons . e 
45 ° angled wings attempt to cover the tanks from debris while minimizing surface area, and thus 

weight. 


Propellant requirements for the depots were summarized and shown in the charts, “CAP Depot 
Configuration Propellant Requirements” and “NTR Depot Configuration Propellant 

Requirements”. 

Tanks were sized according to manifested propellant needs per vehicle mission. Some missions 
require that MTV tanks be launched partially filled such that the launch vehicle payload envelope is 
more fully utilized, tanks being primarily mass rather than volume constrained. This "off-loaded 
propellant" is then accounted for in depot capacity. Additionally, top off propellant is used for fuel 
which is off-loaded for mass constraint reasons. Boiloff and transfer losses were also calculated 
for the fluid based on their launch sequence and duration on orbit. These components sum to the 
total capacity a depot must handle in order to supply each vehicle with its full complement o 
propellant prior to launch. The totals which were used to size both depot configurations are 
presented in the charts “CAP Depot Configuration Propellant Requirements” and “NTR Depot 
nation PropeUan. Reqinrements" If cm be men ft* . increase in propellant need cecum 
in Mission 5-« for the NTR vehicle. The NTR depot configuration reflects this capactty. 
However, for the first four missions, propellant requirements are such that only seven hydrogen 

t?nlcs need be supplied. 


Solar power is generated by the deployable panels located at the ends of each trass. Hie panels 

were sized based on a 400 W/tank need for the IiE tanks and the 660 W/tank need demonstrated 

by the LS2/LOX tanks as explained in the chart “Solar Panel/Power Parameters . Both employ 
alpha and beta joints for sun tracking. GaAs cells are baselined for improved efficiency and 
robustness. On the CAP configuration, solar panels are located on the space side of the depot to 
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minimize shadowing by die tank shielding. The NTR configuration udiizes larger solar panels 
both for the increased power demand represented by the greater number of tanks, and beaux of 
the increased shadowing which occurs due to the large shield employed in the configuration. 

Reboost capability has been baselined as bi-propellant 100 lb thrusters which feed directly from the 
depot s own stores, alleviating the need for large quantities of monopropellant and special 
dedicated resupply missions. RCS is handled by two sets of 870 lb hydrazine thruster pods. GN 
• & C is handled autonomously on board and is monitored at station through telemetry. 

5.1.2 Operational/Integration Issues 

In order to better utilize the mass and volume capacity of the launch vehicle, it was originally 
believed that mixing components from the MTV and depot would facilitate manifesting. However, 
it was found that sufficient flexibility existed in the extensive MTV component list to allow eithCT 
full volume or mass capacity utilization without the need to mix components from the depot 

Furthermore, no immediate gain could be realized by separating the LH2 and LOX tanks which 
comprise the propellant tanks for the CAP Configuration depot. 

In order to avoid impacting the MTV assembly schedule or assembly crew load, the depot launch! 

assembly should occur before inception of the MTV launch/assembly phase. Both assembl y 

phases would benefit firm an initial platform (either STS or SSF) from which to deploy the miss 

structure. In order to facilitate this deployment, the truss structure shall incorporate a deployable 
design to minimize EVA demands* 

Telemetry for onboard equipment must be incotporated to allow man-tended, remote 0 f 

the depot systems, as no manned habitat or crew safe haven will be available at the depot Life 
support will be furnished by the crew transfer vehicle only. 

RMS is required for transfer of the cryogenic storage tanks from the LTV or other ferrying system 
to the depot upon orbital insertion* 

Reboost/deboost operations will be monitored remotely. These engines win feed from tank 

residuals onboard the depot, necessitating resupply missions be timed to coincide with the rcboost 
phase. 

These issues are summarized in die chan ‘‘Operational/Integration Tccn^ 
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52 MARS PROPELLANT DEPOT ASSESSMENT 
52.1 Mars Depot Architecture Concept Options 

Many Mars system depot architecture options are capable of supporting a large, long-term Mars 
exploration program. Several are shown in "Mars Depot Architecture Concept Options" along with 

their potential propellant delivery routes (arrows). 

' Wherever primary propellant production sites are located - Phobos, Deimos, or Mars surface - a 
surface propellant depot capable of storing and protecting cryogens against the ambient 
environmental conditions will be required. At least two orbital locations immediately suggest 
themselves: low Mars orbit (LMO) and high Mars orbit (HMO); an HMO depot would have orbital 
altitudes comparable to the moons. An LMO depot would be a logical alternative if propellants 
were originating on Mars, although it could also be supported from Phobos and Deimos. 
Likewise, propellants originating on the moons would suggest the use of an HMO facility. The 
most attractive option will be determined by specific Mars mission and program scenarios. 

5.2.2 Mars Environmental Issues 

Operating near and on Mars means encountering an entirely new set of orbital, thermal, 
gravitational, atmospheric, and surface environments that can be crucial to the operation of a Mars 
orbital propellant depot. Summarized in "Mars Environmental Issues", some of these parameters 

are well-known but others have not yet been well-specified. 

At 1.5 AUs from the Sun, Mars intercepts less than half of Earth’s solar flux and this value vanes 
considerably due to Mars’ orbital eccentricity (solar flux at Mars is 490 to 710 W/m2 ). The 
average Bond albedo (0.16) results in the planet having much lower daytime and nighttime 
blackbody surface temperatures than Earth, so objects in Mars orbit receive less thermal radiation 
from Mars than they would comparable orbits around Earth. We have estimated that one of our 
LEO depots would experience a 25% decrease in boiloff rate when in a similar Mars orbit (it’s also 

a function depot spatial orientation). 

The general meteoroid environment near Mars is well-known from several spacecraft missions 
over the last three decades. However, there are good theoretical reasons to suspect that belts of 
dusts may exist in orbits near the satellite moons (particularly Phobos). These may pose a threat to 
the integrity of any spacecraft or human exposed to them for too long. Plans for Mars depots must 
anticipate and evaluate this potential threat to long-term, routine operations in these orbits. 
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The Martian planetary gravity field has sizeable irregularities that are well characterized. However, 
if operations are contemplated near Phobos and Deimos, their complex local gravity field must be 
better understood. We show in "Mars Environmental Issues" one theoretical solution for the 
escape velocities as a function of location and direction on Phobos. They range from 3.5 m/s 
toward Mars at the sub-Mars point to 15.5 m/s 90 degrees away at the north pole. Deimos’ gravity 

variations are smaller in amplitude. 

* 

■ Operating on the Mars surface itself is a complex, potentially dangerous, highly challenging 
proposition. The 24 hour diurnal cycle may drive the use of nuclear power on the surface. Diurnal 
and seasonal variations in surface temperature and atmospheric properties will require careful 
monitoring of cryogenic fluids being produced or stored near the surface. 

5.2.3 Mars Depot Location Options 

Five general locations (and 9 more specific regions) suggest themselves as potential locations for 
Mars propellant depots; they are; Mars orbit (free space), Phobos, Deimos, Mars' surface, and the 
Sun-Mars libration (L) points. A preliminary list of advantages and drawbacks is shown for each 
region in "Mars Depot Location Option Summary". This Mars depot study is not intended to 
exhaustively assess the attributes of each location, but merely to present pre liminar y observations 
and suggest fruitful avenues for future analysis. 

5.2.3.1 Mars Orbits. Each location is typically characterized by its environmental attributes, the 
nearest location of p rimar y propellant production, and its relation to the anticipated Mars system 
infrastructure and exploration p rogram. For example, three types of Mars orbits appear to be 
potentially useful as sites for Mars propellant depots; 1) high, elliptic and inclined orbits, 2) high, 
circular, equatorial (HMO, high Mars orbit) orbits, and 3) low circular orbits (LMO, low Mars 
orbit). High elliptical orbits typically will have orbital elements similar to inco min g interplanetary 
spacecraft and provide a convenient mechanism to execute plane changes. Because a depot would 
only experience close approaches to Mars briefly each orbit, it would suffer relatively moderate 
thermal loads. Nevertheless, these orbits are probably the least attractive sites for a propellant 
depot because of their relative inaccessibility to the Mars surface, LMO, and even the Martian 
moons. Because incoming MTV orbits are also quite variable, it would be difficult to find an 
op timal location in such an orbit that would be consistent with the anticipated Mars exploration 
scenarios. 

High circular orbits (Le. those with semimajor axes comparable to the moons) are accessible to 
Phobos and Deimos and are far removed from the Mars ther mal radiation source. Vehicles 
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operating tom depots in these orbits would still face a high delta-v to Mar; surface as well * some 
unique micrometeorord hazards; these are due to regolith that has been propelled by tmpacts tnto 

the complex Mars-satellite gravity fields near the moons. 

Low Mars oritits are convenient to smface operations (dm ultima* focus of any Mars program) and 
die most likely location of primary propellant production: the Mars surface. A .tepot m UP* 
experiences the most extreme thermal load due to Mars and must chrnb most of the Mars gra ty 
•well to escape. Without an in-depth evaluation of all these factors, our prehminaiy suggesoon is 
that LMO seems the most likely location for an early depot within the Mars system. 

5.2.3.2 Phobos and Pcimss. T* Martian moons provide many «|k and 
advantages associated with the exploration of Mars. Their very weak, mtlli-g Belds and po* 
for in sim propellant production make diem potentially pivotal early targets for human explmanon 
Z utilizaZ. Consistent with die most recent Eanh-based specnal evidence and dam tom die 
Soviet Phobos probe, the moons of Mars are expected to possess bulk compositions characterized 
by significant amounts of water, hydrated silicates, and hydrocarbons. Models of asteroids 
(Phobos and Deimos may be captured asteroids) include die possibility dm, significant^gmund ice 
could also exist. Theoretical studies suggest that if ground ice ever existed in Phobos (and 

presumably on Deimos), it should still be there. 

Thus, in addition m being an accessible potential primary propellant production site, Ph0 ^ s “ d 
PH p™ can also serve as thermal shadows tom Mars and even provide a uulli-g gravity field for 
fluid acquisition. Because the moons have such low albedos, the fact that them 
exposed m imerplanetary space does no, guarantee them extremely low lemperanires. Indeed, heat 
conduction tom Phobos or Deimos themselves may neunalize any antictpamd advantages o 
locating die depot near or on their thermally-sheltered anti-Man sides. I, n also important to 
realize that die low-gravhy, dust-filled envtonments of Phobos and Deimos are very unusual and 
by die time humans venture forth to Man i, is unlikely that any human operations database wul 
exist for such objeos. These challenges suggest a more cautious approach to the exploitation o 

the Martian moons than their bare vital statistics might suggest 

Propellant depots might also be located near (bn, no, actually oo) Phobos ■or:Deimos.Stable: mbhs 
are known to exist around these tiny objects and their very minimal local gravity 
stationkeeping a viable option. While much of die Man thennal shield might be 
major advantage of a near-satellite orbital location would be to avoid the complex surface terrain 
and environmental hazards of die moons each time a vehicle rendezvous widi die depot. However. 
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it should be noted that wherever propellant depots ere loceted, some storage/transfer function will 
be required for use of the propellents in ME Vs end MTVs. 


5.2.3.3 TtlC MsrS SurfSCC, The most likely site for some type of primery propellent production is 
on the suifece of Mers using the regolith end/or the etmosphere. The 1/3 g surfece gravity field 
should make fluid and human operations relatively normal. A Mars surface depot would not have 
most of the flight subsystems required of an orbital facility. However, the Martian surface 
. environment - particularly its thermal radiation - will provide the biggest challenges for producing 
and storing cryogenics. Surface atmospheric conditions (including 24*hour diurnal cycles) will 
probably require use of nuclear systems for power, unlike the situation for orbital depots. One 
solution to large expenditures for power is to store the future cryogenics as water and them 
split/liquify them as their use requires. 

For completeness, the Sun-Mars L points are included as potential depot locations. The LI point, 
being over one million km from Mars, will not have a significant planetary thermal problem, and 
the location is conducive to interplanetary operations. Nevertheless, the site is sufficiently remote 
from the Mars propellant production locations and the remainder of the Mars infrastructure to call 
into question whether these L points possess any real potential for a major contribution to any near- 
term Mars exploration program. 

5.2.4 LEO-Mars Depot Commonalities 


5*2.4.1 Preliminary Assessment. System, technology, and operational similarities between 
depots planned for potential Martian use and those contemplated for LEO are important 
considerations. If significant commonalities exist between LEO and Mars systems, and if a 
mission indeed exists for a Mars depot, then cost and schedule savings might be ob tained This 
top-level look at commonalities suggests that, in some locations near Mars, the LEO system might 
be overdesigned and susceptible to significant transference. Conversely, it is also possible that the 
identification of both an important mission for a depot at Mars coupled with significant LEO-Mars 
depot commonalities, might influence planners to recommend that such a depot be built even if the 
case for a LEO depot is only marginal. "LEO-Man Depot Commonalities - Preliminary 
Assessment" shows our initial assessment of the likely commonalities between LEO and Mars 
depots for the major subsystems and operations at four general Mars locations (Phobos and 
Deimos are considered together). 


5.2.4.2 Maior Subsystems. Our baseline thermal management system is all passive, and vented. 
A similar system might be used in either LMO or HMO where the boiloff due to planetary thermal 
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raaiadon will 1* less than in LEO. Particularly ,n LMO. a Martian depot might benefit from the 
ZZ* - -id ot teliqucfy any botloff dne to the scarcity of Martian prop*Uan«— 
of the presence of science instruments or manned operations m the vicinity of the dep . 
unlikely such considerations will be important on the dusty, milli-g worlds of Phobos and Demos, 
although the long-term storage of cryogenics op Mars itself will probably reqrnre "^gera _ 
Another alternative is to produce water from planetary raw materials and 
interval before die propellants are required, when die water would be split and liquefied. 

' would require considerable schedule knowledge and control. 

With the exception of the Mars surface and its moons, all Martian orbits could offer ae^g 
conditions for fluid acquisition and transfer similar to die case for LEO systems.■«- 
changeout is envisioned for LEO, this requires a powerful RMS such as that a 
unclear whether such a system will be available near Mars. In its absence, fluid transfer won 
the prefetred technique. On the surfaces either technique should be possible. 

Nuclear power systems seem pteferable on planetary and satellite surfaces because of 
cycles aL atmospheric environments. If frequent occultations by Mars are a problem m L , 
depot might also require a nuclear system. HMO is no. frequently occulted by Mars. 

Presendy, die orbital environment of Mars does not suffer from debris hazards as such although 
there is a natural micrometeoroid population. In particular, die orbits of Phobos and Deunos am 
likely to feature enhanced dust lanes because of impacted tegolith previously restden, on die 

moons' surfaces. 

As in LEO a depot near Mars will probably require a TDRSS-like system to suppori it. Depots on 
Mars or Phobos and Deimos will have well-defined surface locations. I. is also bkely that depo 
reboost requirements in LMO will be much less than those in LEO due to Mars telauvely 

nib) atmosphere. 

Unlike LEO depots, it may be mote efficient to locate science payloads on or near the Mars vicinity 
depot. As has already been indicated, tins can have significant effects on depots subsystems an 

operations. 


5 2J Conclusions and Issues For Further Study 

"Issues For Further Study" lists a few major areas 
define the potential role for a Mars propellant depot. 


t hat could benefit from more study to further 
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The Science Program and Fall Science Scenario are only two of die many scenarios that 

can be envisioned for human Mars exploration programs. It is unlikely that a Mars prope ant 
depot would be required for the former, but any science, resource, or senlemem scenario at 
anticipates significant operations near and/or on Mars will necessitate die use of in situ resources, 
in part icular the in situ production of propellants. A depot can be a logical step in many of them. 
There is the suggestion from this analysis that a Mars depot should be examined further. 

■ It is clear that several of the options for a Mars depot architecture are attractive and should be 
probed and evaluated. It is tempting to suggest that the Martian moons are so accessible, 
approachable, and wet that they should preempt all other potential targets for early human 
exploration and utilization. However, their unusual, potentially threatening environments may 
weaken many of their obvious advantages and drive us to the surface of Mars for more Earth-like 
w orking environments. This question needs much more study. 

In addition to the locations of the primary propellant production sites, the Mars depot architecture is 
also influenced by environmental, space infrastructure, and exploration program constderauons 
The problem is interwoven in a complex way with all the other complicated exploranon and 

architecture plans for Mars, 

It is likely that depots in otbit around Mars could share much commonality with those in LEO. 
However, surface systems will be different in many ways. Before the influence of commonality 

can be realistically ascertained, the role of propellant depots in the Mars exploration program must 

be more fully defined- 

It is possible that depots near Mars will be enhanced by or require new technologies. For example. 

hiaher system reliability and more autonomy would be valuable at Mars. Likewise, depots capable 
of interfacing with propellant production facilities on Mars or its moons must eventually be 
developed. If depots are located on or near Phobos or Deimos, new depot technologies will have 

to accommodate these environments. 

5.3 EVALUATION OF ON-ORBIT SAFETY HAZARDS 

The key safety hazards associated with orbital vehicles and supporting systems have been 
identified and provide a source of concern for on-orbit operations and possible vehicle loss with 
- r -, Mars mission disruption. These issues are presented in "Key Potential Vehicle Safety 

Hazards". 
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An important hazard is the threat of the pressurized propellant tanks becoming inadvertently 

propulsive. This is possible if a meteoroid or space debris impact and punctures the vehicle tanks. 

A rupture due to overpressurization could have a similar effect. We do not consider ignition to be 

a likely possibility in space because of the need for appropriate pressurization and ignition energy. 

It is possible to obviate these hazards by appropriately shielding the vehicle tanks or providing a 

propellant depot as shown in "Depot Advantages in Safety Hazards Abatement" with adequate tank 

shielding and monitoring the evolution of pressure within the structures. Providing a propellant 

depot to fuel-up the Mars vehicles just prior to mission operation allows the vehicle tanks to be 

empty during most of the stay time in LEO orbit, thereby reducing the probability of occurrence of 
a catastrophic event. 

■ 

Hazards during EVAs are potentially dangerous for the crew. This is particularly important for the 
case of tank leaks that physically contact the EVA suits. Accidental firing of a thruster near a 

crewperson must also be avoided. Avoiding leaks, monitoring EVAs, and makin g the times of 
thrusting and EVAs mutually exclusive will help. 

If tank changeout is the transfer mechanism of choice then a large RMS will be a requirement, and 
with it the possibility of a malfunction and accident. Likewise, if we eliminate the shuffling of large 
tanks, large volumes of propellants will have to be pumped into empty vehicle tanks. Care must be 
taken to execute these sequences nominally and, when possible, minimally. 

Nuclear vehicles become hazardous when in the vicinity of other systems because of their radiation 

fields associated with their reactors. Proximity operation rules must be established for nuclear 

vehicles (parncularly in LEO) as well as appropriate shielding of humans and vital components 
from their radiations. 
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RISK ANALYSES 


Risk analyses were conducted to develop an initial risk assessment for the various architectures. 
This presentation of risk analysis results considers development risk, man-rating requirements, and 
several aspects of mission and operations risk. 


Development Risk 

All of the architectures and technologies investgated in this study incur some degree of 
development risk; none are comprised entirely of fully developed technology. Development risks 
are correlated directly with technological uncertainties. We identified the following principal risks: 

Cryogenics • High-performance insulation systems involve a great many layers of multi-layer 
insulation (MLI), and one or more vapor-cooled shields. Analyses and experiments have indicated 
the efficacy of these, but demonstration that such insulation systems can be fabricated at light 
weight, capable of surviving launch g and acoustics loads, remains to be accomplished. In 
addition, there are issues associated with propellant transfer and zero-g gauging. These, however, 
can be avoided for early lunar systems by proper choice of configuration and operations, e.g. the 
tandem-direct system recommended elsewhere in this report. This presents the opportunity to 
evolve these technologies with operations of initial flight systems. 

Engines - There is little risk of being able to provide some sort of cryogenic engine for lunar and 
Mars missions. The RL- 10 could be modified to serve with little risk; deep throttling of this engine 
has already been demontrated on the test stand. The risk of developing more advanced engines is 
also minimal. An advanced development program in this area serves mainly to reduce development 
cost by pioneering thecritical features prior to full-scale development 

Aerocapture and aerobraking - There are six potential functions, given here in approximate 
ascending order of development risk: aero descent and landing of crew capsules returning from the 
Moon, aerocapture to low Earth orbit of returning reusable lunar vehicles, landing of Mars 
excursion vehicles from Mars orbit, aero descent and landing of crew capsules returning from 
Mars, aerocapture to low Earth orbit of returning Mars vehicles, and aerocapture to Mars orbit of 
Mars excursion and Mars transfer vehicles. Figure x.x provides a qualitative development risk 

comparison for these six functions. 
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Aerocapturc of vehicles requires large aerobrakes. For these to be efficient, low mass per unit area 
is required, demanding efficient structures made from very high performance matena s as we as 
efficient, low mass thermal protection materials. By comparison, the crew capsules benefit muc 

less from high performance structures and TPS. 

Launch packaging and on-orbit assembly of large aerobrakes presents a significant development 
risk that has not yet been solved even in a conceptual design sense. Ex.st.ng concepts pac g 
poorly or are difficult to assemble or both. While the design challenge can probably me , 
aerobrake assembly is a difficult design and development challenge, representtng an important area 

of risk. 

Nuclear thermal rockets - The basic technology of nuclear thermal rockets was developed and 
demonstrated during the 1960s and early 1970s. The development risk to reproduce this 
technology is minimal, except in testing as described below. Current studies are recommen ng 
advances in engine performance, both in specific impulse (higher reactor temperature) and in 
thrus.-to-weight ratio (higher reactor power density). The risks in achieving these are modes, 
inasmuch as performance targets can be adjusted to technology performance. 

Reactor and engine tests during die 1960s jetted hot, slightly radioactive hydrogen directly into die 
atmosphere. Suicter environmental controls since that rime prohibit ^scharge o nuc e-ngtne 
effluent into die atmosphere. Design and development of full containment test facilities presents 
greater development risk than obtaining the needed performance from nuclear reactors and engine^ 
Full- containment facilities will be required to contain all the hydrogen effluent, presuma y oxi 
it to water, and remove the radioactivity. 

Electric Propulsion Power Management and Thrusters - Power management and 
thrusters are common to any electric propulsion power source (nuclear, solar, or beame power^ 
Unique power management development needs for electric propulsion are (1) minrmum mass and 
long life, (2) high power compared to space expenence, t.e. megawans mstea ° ow ^ 
fas. arc suppression for protection of thnrsters. Minimizing mass of power distnbunon ^ “ 
high distribution voltage and potential problems with plasma losses, arcing, an 
penver management ts a mature technology, the unique requirements of electric propulsion 
introduce a number of development risks beyond those usually experienced in space power 

svstems. 
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Electric thruster technology has been under development sinrt* rhe • r . 

c™ii ,l Pment since the beginning of the space prosram 

Small thrusters are now operational such as rhp rpeieron u ^ 

certain communications spacecraft' Small arc and S,an "- hea ' au e n » n « d "S’***” Asters on 

satellite srationkeeping. ^ ™ *“ fa * <* for 

Space transfer demands on electric propulsion nerfnT™o„„ , 

iet per unit ma« nf 1 P P erf °nnance place a premium on high power in the 

jci per unit mass of electric DroDulsinn cvcr^m tu’ 

• efficiency power in rhe • r , . y Thls in turn places a premium on thruster 

' ’ J ’ n0t electnca l power, propels spaceships. Space transfer electric 

propuls,on also requires specific impulse in the range 5000 to 10,000 seconds. Only ion thruster 

ateZe Tc ^ ^ P‘*~ Ion rhntsrers have 

...L nn , , y power per unit of ion beam emitting area. MPD thruster 

~ ' ceaea lsp Wlth hl S h Power per thruster, but has not yet reached 

l : “ i0n ,hn,S,m h3Ve b «" “ -P » » cm diameter, wifesphZal 
need 200 " ^ These ca ” absOTb °" *<= order of;50kWe each. A 10 MWe system would 

deVel0PTOm aU hare ***“ 0) Advance 

With large numbers of th ' ^ '° aCh ‘ eVe hlgh effl “cncy; (2) Develop propulsion systems 

nn targe numbers of thrusters and control svstemc- nr aj . 

thrusters to much larger sire per duster. "* “ ° f ^ “ ° f ion 

Nuc,e ar power for electric propulsion . Space power reacor technology now under 
development CSP-lOO) may be adequate; needed advances are modes,. Advanced pow 

SySKn “. “ » 10 0blai " pow^-to-mass ratios of intern,. The SP-100 basele is 

likel 'd'd C ' * * C t,** n ° h0P ' ° f me ' Img pro P ulsion system performance needs. The most 
y cand.da.es are dte closed Bray,on (gas) cycle and the potassium Rankine (liquid/vapor) 

yc e. (Potassium provdes the best match of liquidfvapor fluid propenies to desired cycle 

temperatures.) Surfing cyde, thermionics, and a high- temepemnue dtemtally-driven fuel cell are 

possrbrlmes. The baste technology for Bray,on and Rankine cycles are marum; borh are in 

widespread mdusmal use. Prororype space power Bray,on and Rankine turbines have run 

successfully for thousands of hours in laboratories tha i . 

uuib in taooratones. The development nsk here is that these are 

very' complex systems; there is no experience ha«e fnr mimiinn „ 

v e oase tor coupling a space power reactor to a dyn amic 

power conversion cycle: there is no space power experience base ai the power levels needed- and 
these systems, a, power levels of interest for SEI space transfer application, are large enough to 

ZZ’ SpaCe assembl) ’ and checkow ' Space weldi " 8 wU1 te re<luircd for fl “ id 
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Solar power for space transfer propulsion - Solar power systems for space propulsion 
must attain much higher power-to-mass ratios than heretofore achieved. This implies a combination 
of advanced solar cells, probably multi-band-gap, and lightweight structural support systems. 
Required array areas are very large. Low-cost arrays, e.g. S 100/wan, are necessary for affordable 
system costs, and automated construction of the large area structures, arrays, and power 
distribution systems appears also necessary. Where the nuclear electric systems are high 
development risk because of complexity and the lack of experience base at relevant power levels 
and with the space power conversion technologies, most of the solar power risk appears as 
technology advancement risk. If the technology advancements can be demonstrated, development 

risk appears moderate. 

Avionics and software - Avionics and software requirements for space transfer systems are 
generally within the state of the art. New capability needs are mainly in the area of vehicle and 
subsystem health monitoring. This is in pan an integration problem, but new technoques such as 
expen and neural systems are likely to play an important role. 

An imponant factor in avionics and software development is that several vehicle elements having 
similar requirements will be developed, some concurrently. A major reduction in cost and 
integration risk for avoinics can be achieved by advanced development of a "standard" avionics and 
software suite, from which all vehicle elements would depart. 

Further significant cost savings are expected from advancements in software development methods 
and environments. 

Environmental Control and Life Support (ECLS) - The main development risk in ECLS 
is for the Mars transfer habitat system. Other SEI space transfer systems have short enough 
operating durations that shuttle and Space Station Freedom ECLS system derivatives will be 
adequate. The Mars transfer requirement is for a highly closed physico-chemical system capable of 
3 years' safe and dependable operation without resupply from Earth. The development risk arises 
from the necessity to demonstrate long life operation with high confidence; this may be expensive 

in cost and development schedule. 

Man-Rating Approach 

Man-ratina includes three elements: (1) Design of systems to manned flight failure tolerance 
standards, (2) Qualification of subsystems according to normal man-rating requirements, and (3) 
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Flight demonstration of cridcal performance capabilities and functions prior to placing crews at 

risk. Several briefing charts follow: the first summarizes a recommended approach and lists the 

subsystems and elements for which man-rating is needed; subsequent chans present recommended 
man-rating plans. 

Mission and Operations Risk 

These risk categories include Earth launch, space assembly and orbitasl launch, launch windows, 
mission risk, and mitigation of ionizing radiation and zero-g risks. 

Earth launch - The Earth launch risk to in-space transportation is the risk of losing a payload 
because of a launch failure. Assembly sequences are arranged to minimize the impact of a loss, and 
schedules include allowances for one make-up launch each mission opportunity. 

Assembly and Orbital Launch Operations - Four sub-areas are covered: assembly, test and 
on-orbit checkout, debris, and inadvertent re-entry. 

Assembly operations risk is reduced by verifying interfaces on the ground prior to launch of 

elements. Assembly operations equipment such as robot arms and manipulators will undergo space 

testing at the node to qualify critical capabilities and performance prior to initiating assembly 
operations on an actual vehicle. 

Assembly risk varies widely with space transfer technology. Nuclear thermal rocket v ehicles 

appear to pose minimum assembly risk; ctyo/aerobraking are intermediate, and nuclear and solar 
electric systems pose the highest risk. 

Test and on-orbit checkout must deal with consequences of test failures and equipment 
failures. This risk is difficult to quantify with the present state of knowledge. Indications are: (1) 
large space transfer systems will experience several failures or anomalies per day. Dealing with 
failures and anomalies must be a routine, not exceptional, pan of the operations or the operations 
will not be able to launch space transfer systems from orbit; (2) vehicles must have highly capable 
self-test systems and must be designed for repair, remove and replace by robotics where possible 
and for ease of repair by people where robotics cannot do the job; (3) test and on-orbit checkout 
will run concurrently with propellant loading and launch countdowns. These cannot take place on 
Space Station Freedom. Since the most difficult pan of the assembly, test and checkout job must 
take place off Space Station Freedom the rest of the job probably should also. 
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Orbital debris presents risk to on-orbit operations. Probabilities of collision are large for SEI- 
class space transfer systems in low Earth orbit for typical durations of a year or more. Shielding is 
mandatory. The shielding should be designed to be removed before orbital launch and used again 
on the next assembly project. 

Creation of debris must also be dealt with. This means that (1) debris shielding should be 
designed to minimize creation of additional debris, especially particles of dangerous size, and (2) 
operations need to be rigorously controlled to preventinadvertent loss of tools and equipment that 
will become a debris hazard. 

Inadvertent reentry is a low but possible risk. Some of the systems, especially electric 
propulsion systems, can have very low ballistic coefficient and therefore rapid orbital decay rate. 
Any of the SEI space transfer systems will have moderately low ballistic coefficient when not 
loaded with propellant. While design details are not far enough along to make a quantitative 
assessment, parts of these vehicles would probably survive reentry to become ground impact 
hazards in case of inadvertent reentry. For nuclear systems, it will be necessary to provide special 
support systems and infrastructure to drive the probability of inadvertent reentry to extremely low 
levels. 

Launch Windows - Launch windows for single-bum high-thrust departures from low Earth 
orbit are no more than a few days because regression of the parking orbit line of nodes causes 
relatively rapid misalignment of the orbit plane and departure vector. For lunar missions, windows 
recur at about 9-day intervals. 

For Mars, the recurrence is less frequent, and the interplanetary window only lasts 30 to 60 days. 
It is important to enable Mars launch from orbit during the entire interplanetary window. Three- 
impulse Mars departures make this possible; a plane change at apogee of the intermediate parking 
orbit provides alignment with the departure vector. Further analysis of the three-bum scheme is 
needed to assess penalties and identify circumstances where it does not work. 

Launch window problems are generally minimal for low-thrust (electric propulsion) systems. 

Mission Risk - Comparative mission risk was analyzed by building risk trees and performing 
semi-quantitative analysis. The next chan presents a comparison of several mission modes; after 
that are the risk trees for these modes. 
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Ionizing Radiations and Zero G - The threat fmm ^ 
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Cryo/Aerobrake Mission Risk Tree 
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Nuclear Electric Mission Risk Tree 
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Mars Direct Mission Risk Tree - Crew Missi 
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Nuclear Rocket Dash Mode Mission Risk T 
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Nuclear Rocket Split Sprint Mission Risk Tree 
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Man Rating Requirements 

The facing page describes our recommended approach to man-rating and lists the systems/ 
subsystems for which we believe man-rating is required. Following pages present 
recommendadons for man-rating programs for all but four of the systems. Three of those not 
presented (Crew modules/hab systems. Vehicle power, and Surface transportation) are judged 
suited for man -raring by normal space qualification means. If advanced technologies arc adopted 
for any of these, a specific overall man-rationg program should be defined. 

The fourth is not presented because there are basic questions as to overall approach. This is the 
need for vehicle health monitoring and on-board maintenance systems. This is a mix of 
subsystems technology and health monitoring and diagnostics technology. A key issue here is to 
select the general technical approach: (a) what kinds of sensors, (b) what kidns of subsystem 
models, (c) what kinds of logic (fault detection by sensors vs. inference of failures through 
system/subsystero state comparison with math models of normal and degraded performance), and 
(d) what new technologies (expert systems; neural nets) and how these can be integrated into an 
overall health maintenance architecture and validataed for safe and successful use on long-duration 
missions. The need goes beyond health monitoring and diagnostics; it is also necessary to develop 
an on-board maintenance system that can instruct the crew how to perform maintenance and how to 
perform any testing not built in to the health monitoring system. Demonstration of the overall 
capability for Mars missions is included on the Mars avionics chart. 

Man-Rating Approaches 

A set of charts present recommended man-rating approaches for aerobrakes, cryogenic rocket 
engines, nuclear rocket engines, cryogenic propellant system, auxiliary (attitude control) 
propulsion systems, nuclear and solar electric propulsion systems, ECLSS, and Avionics and 
communications systems. 

The aerobraking approach makes use of the lunar tandem LTV booster as a full-size lunar 
aerobrake testbed, together with reliance on ground-test facilities and CFD. The Mars aero brake is 
qualified on an unmanned cargo delivery mission. 

The cryogenic rocket engine program is a conventional one of technology demonstration, flight 
hardware qualification, and flight demonstration. 

A sequence of major tests and demonstrations to achieve nuclear rocket man-rating is shown next. 
Note that two flight demonstration options exist. A decision of which to use depends on whether 
cargo delivery to Mars is needed before the First manned mission, as would be the case if a 
conjunction fast transfer and long surface stay is required on the first mission to reduce galactic 

cosmic ray exposure to the crew. 

The cryogenic propellant sequence relies on the fact that the STCAEM baseline initial lunar system, 
tandem-direct, does not need zero-g propellant transfer or gauging; this allows more time for 
development of these challenging technologies. 

The auxiliary propulsion assumes that an advanced technology using cryogenic propellants from 
main tanks is adopted. If conventional storable propulsion technology is used, a conventional 
qualification program is sufficient. Storable technology is mature enough that flight demonstration 

is not needed. 

The nuclear and solar electric program is the most complex depicted here, in part because in 
includes both nuclear and solar power generation technology. As presented here, a choice between 
rfuclear and solar power generation is made in the late 1990s after technology demonstrations. 
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ECLSS man-rating includes conventional physico-chemical and CELSS systems. Whether 
CELSS benefits long-duration transportation system crew habitats has yet to be determined. This 
presentation assumes that an integrated ECLSS development for surface and transportation systems 
will occur. 

The avionics program presumes a standard avionics architecture with unique appendages for 
unique requirements such as Mars aerocapture GN&C. 
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Aerobraking Major Test/Demo Man-Rating Approach 
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Cryogenic Rocket Engine Man-Rating Approach 


x: ox> 

ao x: 


Urn VD 

o 


OX) 

.5 


3* QJ 

<u g 
aj *5 
*o OJD 

* g 

D, ox> 

w c 


.SP rt 


3 

3 

a 


OX) 

3 

a> 

oo 


OX) 

.S 

OX) 

3 

OX) 

T3 

3 

3 


o h a 

J •g 

O r. 3 

.3 o 03 

OX) Jj 

sn 
& 1 I 


o a) 

c/5 

3 g 

cp 2 

E 

e/5 

0*1 


OX) 

.5 

OX) 

3 

3 

OX) 

T3 


3 3 

co i^ 
5? 3 


1^0 


s r j 


iO 

O 


3 

u 

c o 

" u. » 111 ■ 

w 3 

0) 3 
3 Qj 

'5b > 

C 50 

<D "3 

00 Qu 
S o 
2 


£2 3 

J2 o 

2 b 

^ u 

O Urn 

3 © 
O OX) 
\3 3 

13 X) 
§ £ 
a U 

o 


o 


D615-10026-1 


978 



Nuclear Rocket Man-Rating Approach 
















Cryogenic Propellant System Man-Rating Approach 






























Advanced Auxiliary Propulsion Man-Rating Approach 
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Mars cargo mission 

or lunar mi ;sion 
using electri; propulsion 

O Manned Mars mission 
usir g electric propu sion 
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Avionics Major Test/Demo Man-Rating Approach 
























Te chn ology Development Concerns and Schedules - Cryogenic / 
Aerobraked Vehicle 


Critical technology development issues relating to the reference CAB vehicleare 
presented in this section. Where applicable, the same charts are also included in the NTR, 
NEP and SEP IP &ED documents. The focus of this section will be to bnng out the most 
important issues relating to the reference cryogenic vehicle, and to present preliminary 
technology development schedules for these issues. The issues are presented here in outline 
form, beginning with the most important, with accompanying schedules wherever 

possible. 


Aerobraking (low & high energy) # _ . ... 

The technology category which offers the most potential vehicle benefits but which 

Dresents the highest degree of technology development uncertainties, is the area of high and 
low energy aerobr akin g. This area presents a variety of issues for technology development 
including high strength to mass ratio structural materials, high temperature thermal 
protection systems, avionics, assembly and operations, hypersonic test facilities and 
computer codes, and Mars atmosphere prediction. High strength structural material options 
include metal matrix composite, organic matrix composite, and advanced carbon-carbon 
elements Other structural considerations include load distribution and attachment of 
payload for aerocapture, and ETO launch and assembly of large structures. Thermal 
protection systems issues include low mass ablative and reradiative materials, and 
structure/TPS integration issues. The aerobrake maneuver will place considerable demands 
on the vehicle avionics system with the need for real time trajectory analysis, and vehicle 
guidance and control. The launch and assembly of the large aerobrake structure will present 
ground and space operations problems which will require technology and advanced 
development in both the areas of design and operations. Finally, computational analysis 
and atmosphere prediction capability will be critical in the development of a man-rated 
aerobrake for Mars use. A preliminary development schedule for Lunar and Mars aerobrake 
technology development is presented. It includes the major milestones for both ground and 
flight testing. The points where a Lunar and Mars full scale development decision can be 
marie, are also highlighted on the schedule. 


Cryogenic Propulsion and Fluid Management , , . ■ • 

Cryogenic propulsion and long term fluid management technologies offer mission 
vehicle benefits over lower performance storable propulsion systems, comparable to those 
provi^dby high energy aerobraking. The high Isp of a LH 2 -LOX system (460-480 s) can 
reduce vehiclelMLEO greater than 50% over the lower Isp (280-360 s with metallic gels) 
storable systems. The long term storage and low-g fluid management of cryogenic fluids, 
along with long lifetime, in-space restartable cryogenic engines are the major technology 
development concerns for a cryogenically fueled vehicle. Preliminaiy technology schedules 
are presented for space based cryogenic engines, and cryogenic fluid system deve opmen 
for both Lunar and Mars applications. The cryogenic space based engme development 
effort begins with the planned AETB work at LeRC, and continues on to development 
work for a large engine for Mars applications. The cryogenic fluid systems schedule 
includes Earth-based thermal control and selected management (tank pressure control, 
liquid acquisition device effectiveness, etc.) tests, as well as planned flight experiments to 
cany out system and subsystem validation tests. 


i 
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Vehicle Avionics and Software 

Although the technology readiness level of vehicle avionics and software is ahead 

of many of the other technology areas listed in some respects, the demands on the system 

m the areas of processing rate, accuracy, autonomous operation, and status/health 

monitoring will drive technology and advanced development in areas not fully defined at 

this point. Software requirements cannot be fully determined until the vehicle design is at a 

more finished stage than the current levels. A preliminary schedule for autonomous 

systems development is presented. The decision points for full scale development The 

communications system options can be more fully defined before a final vehicle design is 

produced, however. A technology development schedule for advanced communications is 
presented. 

Life Support 

A reliable, redundant long term life support system will be enabling for future 
exploration missions. The degree of closure of, and the reliability of the system are the 
major technology development concerns. Low-g human factors determination will also be 
an important technology consideration which will drive vehicle design. An integrated 
schedule of the major areas of the life support technology development task are presented. 
It includes radiation shielding and materials, regenerative life support, and EVA systems 

development. As before, the points where Lunar and Mars full scale development decisions 
can logically be made in the technology program are hi ghli ghte d. 

In-Space Assembly and Processing 

1116 in-space assembly and processing of large space transfer vehicles will present a 
of technology advanced development challenges, particularly for the large LTV and 
and MEV aerobrakes. As shown on the accompanying schedule, extensive ground 
tests must occur before any orbital work can be initiated. The vehicle designs will be driven 

to a large degree by the assembly facilities and technologies seen as being available during 
the vehicle buildup sequence. 

Summary 

As noted before, many of the identified critical and high leverage technology 
development issues are common across all four major vehicle options. Common critical 
technology issues include low-g human factors, autonomous system health monitoring, 
long term cryogenic storage and management (H2, and possibly 02 for ECLSS), long 
duration ECLSS, radiation shelter material and configuration, and in-space assembly. 
Unique cryo/AB technology issues include high energy aerobraking, and large advanced 
space engine advanced development. Enhancing technologies include cryogenic 
refrigeration (lander ta nk s), 02-H2 RCS, advanced in-space assembly techniques, higher 
Isp cryogenic engines, and advanced structural materials development 
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Technology Development Concerns and Schedules - Nuclear Thermal 
Propulsion (NTP) 


Critical technology development issues relating to the reference NTP vehicle are 
presented in this section. Where applicable, the same chans are also included in the CAB, 
CAP NEP, and SEP IP&ED documents. The focus of this section will be to bring out.the 
most’important issues relating to the reference NTP vehicle, and to present preliminary 
technology development schedules for these issues. The issues are presented here in outline 
form, beginning with the most important, with accompanying schedules wherever 

possible. 


Nuclear Thermal Propulsion Technology Development 

The most important area of technology and advanced development for this vehicle 
option is the development of an integrated nuclear thermal propulsion system. A 
preliminary schedule for the development of a NTP system for a Mars vehicle is presented. 
The schedule highlights both the point where a full scale development decision can be made 
(year 5), and when the first flight article will be available to the vehicle program (year 14). 
Th e larsest single technology development challenge for the program will probably be test 
flSuSSgn and development. The NERVA program nuclear tests were carried out in a 
testbed facility open to the atmosphere. Any future test facility must be closed in order to 
contain the fission products contained in the exhaust gasses. A scrubbing system must be 
included to remove the fission products from the exhaust gas before it can be released into 
the atmosphere. This facility may prove to be very costly to build and operate. Nuclear 
thermal propulsion should offer a shorter development time than the other advanced 
propulsion options (NEP, SEP), with significantly better performance than the chemical 
options. The major reactor technology issues are high temperature fuels, efficient tnt 
design, fuel bumup, and nuclear safety issues. 


Cryogenic Fluid Management 

The large amounts of Hydrogen required for NTP Mars missions increases the 
importance of technologies development relating to cryogenic fluid management and 
storage. A preliminary technology schedule is presented for cryogenic fluid system 
development for Mars mission applications. The cryogenic fluid systems schedule includes 
Earth-based thermal control and selected component fluid management (tank pressure 
control liquid acquisition device effectiveness, etc.) tests, as well as planned flight 
experiments to carry out system and subsystem development (selected components) and 
venfication/validation tests. Many of the technology issues will be answered during the 
technology/advanced development work to be carried out for a Lunar program. Tne major 
technology obstacles to be overcome by an NTP storage system are in the areas of tankage 
mass minimization and large scale (relative to Lunar) storage systems development, 
integration and orbital/flight operations (fluid transfer, acquisition, etc.). 


Vehicle Avionics and Software 

Although the technology readiness level of vehicle avionics and software is ahead 
of many of the other technology areas listed in some respects, the demands on the system 
in the areas of processing rate, accuracy, autonomous operation, and status/health 
monitoring will drive technology and advanced development in areas not fully defined at 
this point. Software requirements cannot be fully determined until the vehicle design is at a 
more finished stage than the current levels. A preliminary schedule for autonomous 
systems development is presented. The decision points for full scale development The 
communications system options can be more fully defined before a final vehicle design is 
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Pj. U “4 ’ h ° WeVCr A Iechnol °S>' <tevelopn.au schedule for advanced communications is 

Life Support 

explora^S^o?^ Tffi S£% 

?nTm^ 

schedule of the major areas of the life support technolo^v Hf»v^ir.r.rr.-r,t mte gratea 

It indudes radiation shielding andmaterials, regenerate tife support SEVA^ystera 

development. As before, the points where Lunar and Mars full scalVt^WrT^ 

can logically be made in the technology program are hiSugStel deVei0pm “ I deas,ons 

Aerobraking (low energy) 

Low energy aerobraking will offer mission benefits in the areas of decreac^ 
demands on the descent propulsion system, and improved crossranpe ranahiiSv 

£2“ of f Kchnolo » -"^^fflSSSffSSShS'.S 

TfnT mT* matenalS ’ ^““perature.ttennalprotection systems (LqbntS 
as for high energy aerobraking), avionics, assembly and operations hvmersoitic test 
facilities and computer codes, and Mars atmosphere prediction. High strength structural 

S/°P QonS ? ClndC ^ com P° site >.matrixco^posS, Sda£S 
? n ca ^ b£ !? el * m * n J s - Other structural considerations include load distribution and 
ttachment of payload for aerocapture, and ETO launch and assembly of large structures 
Thermal protection systems issues include low mass ablative and rcnSating rLtJSls^d 
structure/TPS integraaon issues. The aero brake maneuver will place considerable rfemnnHc 
on Je vehicle avionics system with the need for xcSZ^SfSSS^d^£ 

guidance and control. The launch and assembly of the large aerobrake structure will present 
ground and space assembly and ops problems which will require 

“ areas of design and operations/Fmally, compuKalS 
prcdlC T rapabdity will be critical in the development of a man-rS 
aerobrake for Mars use. A preliminary development schedule for Lunar and Mats aerobtake 

ST,L°£f e S. 0P ^' n , t “ P res "’“ i 11 deludes the major milestones for both gSund 
flight testing. The points where a Lunar and Mars full scale development decirioncan hr 

^de ate also highlighted,on die schedule. It should be noted that mis schSule was “utt 
o”$ l^^aTbS^deX^ W “ » ta «■ some degree if 

In-Space Assembly and Processing 

^m-space assembly and processing of large space transfer vehicles will present a 

° f ^* l0 ¥ a f r * nced ^elqpment challenges, particularly for the large LTV and 
MEV aerobrakes^As shown on the accompanjdng schedule, extensive ground tests must 

1f °? ** can hf vehicle designs will bfdriven to a large 

bKp 1 ^^ y faClhtieS 3nd t£chnolo ^ s s «n as being available during the vehicle 

Summary 

As noted before, many of the identified critical and high leverage technology 
development issues are common across all of the major vehicle options. Common critical 
technology issues include low-g human factors, autonomous system health monitoring 
long term myogenic storage and management <H2, and possibly 02 for ECLSS), long 
duration EQ3S, radiation shelter material and configuration, knd in-space assembly 
Unique NTP technology issues center around nuclear reactor and engine systems 
development Common enhancing technologies include cryogenic refrigeration n.mW 
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tanks), 02-H2 RCS, advanced in-space assembly techniques, higher Isp cryogenic 
engines, and advanced structural materials development. 
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NTR Engine Development Program 
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Nuclear Safety Assessment 
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Technology should not present FSD threatening problems; 
current technologies adequate for minimum mission. 
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Technology Development Concerns and Schedules - Solar Electric 
Propulsion (SEP) 


Critical technology development issues relating to the reference SEP vehicle are 
presented in this section. Where applicable, the same chans are also included in the CAB, 
CAP, NEP, and SEP IP&ED documents. The focus of this section will be to bring out the 
most'important issues relating to the reference NTR vehicle, and to present preliminary 
technology development schedules for these issues. The issues are presented here in outline 
form, beginning with the most imponant, with accompanying schedules wherever 

possible. 

Solar Power System Technology Development . 

One of the two most important areas of technology and advanced development tor 
this vehicle option is the development of an integrated solar electric power system. The 
most important area of development for the SEP option is the design, integration, and life 
testing of a space qualified multi-megawatt solar power system, consisting of high 
efficiency solar arrays. Major challenges to be overcome in the achievement of a long life 
efficient system lie in efficient solar array development, and efficient power processing and 
delivery systems. Long term life testing must be carried out for the power system in order 
to verify long term system reliability. A related technology development challenge for the 
program may be test facility design and development. Solar electric propulsion offers a 
potential performance which may be superior to the any of the other advanced propulsion 
options, at the expense of a more costly and lengthy technology and advanced development 

program. 

Electric Propulsion PPU/Thruster Technology Development 

The second major area of technology development for the SEP is in large scale 
electric power processing unit (PPU), and thruster design and development. The power 
system technology development schedule presented in the NEP IP&ED book includes a 
timeline for electric thruster design. The development of long life PPU/thruster systems on 
a larger scale than currently available (MW level thrusters needed) is the major area of 
concern relating to the SEP concept. Thruster lifetimes on the order of a year or more 
(continuous) will be required for thrusters on the MW level in scale. Test facilities must be 
developed which are capable of supporting the long term life tests for these high power 
level thrusters. Finally, high temperature power processing equipment must be developed 
to increase system efficiency and reliability. 


Support 

A reliable, redundant long term life support system will be enabling for future 
exploration missions. The degree of closure of, and the reliability of the system are the 
maior technology development concerns. Low-g human factors determination will also be 
an important technology consideration which will drive vehicle design. An integrated 
schedule of the major areas of the life support technology development task are presented. 
It includes r adiati on shielding and materials, regenerative life support, and EVA systems 
development As before, the points where Lunar and Mars full scale development decisions 
can logically be made in the technology program are highlighted. 

Aerob^mg Oow 0 ff er mission benefits in the areas of decreased 

H^manrk on the descent propulsion system, and improved crossrange capability. This area 
presents a variety of issues for technology development including high strength to mass 
/ ratio structural materials, high temperature thermal protection systems (although not as high 
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as for high energy aerobraking), avionics, assembly and operations hypersonic test 
facilities and computer codes, and Mars atmosphere £redictiom ffigh s’treMdi smctrnl 

carbon-carbon element Odter smicmjrSSSunS'SsSbu" 
attachment of payload for aerocaptnre, and ETO launch and assembly of smemes 
Thermal protecnon systems issues include low mass ablative and renuLtimt materiSfSd 
structure/TPS integration issues. The aerobrake maneuver will nlace rnncirifrahi^ ^ m ’ Qn Hc 
on dre vehicle avionics system with the need for realt£!e„£SS?tdtXk 

“ nroL assembly of the large aerobrake SK win Sem 

ground and space assembly and ops problems which will require technology and advanced 
deveiopment in both the areas of design and operations. Rnally, compSKall^S 
and atmosphere prediction capability will be critical in th~ P f ^ analysis 

acrebrake for Ma£ use. A prelS>b4 forSnK &’2S£ 

technology development is presented. It includes the major milestoU^for both g^nd fnd 

o"Zly io^S^iSpT *“ » b = “»>»- » -me degre^ 
Vehicle Avionics and Software 

Although the technology readiness level of vehicle avionics and software is ahead 
of many of the other technology areas listed in some respects, the demands on^he system 
m the areas of processing rate, accuracy, autonomous operation and status/hcairh 
monitoring will drive technology and advanced development in areas n« fuUy defmld m 
this point. Software requirements cannot be fully determined until the vehicle design is at a 

^^tm I dev^opment t is a presentS rc, The C dft^ ' A 

y tem s .development is presented. The decision points for full scale development The 
commutations system options can be more fully defined before a final vehicle des gn is 

S2S ferip A ^ hn0l °sy development schedule for advanc^co^cS is 
presented. The SEP vehicle may not place the same level of demand on the avionics system 
in the area, of trajectory analysis, but will likely place more demands on the sv«em to ti£ 
areas of status and health monitoring, fault diagnosis, and correction. 

In-Space Assembly and Processing 

Tlie in-space assembly and processing of large space transfer vehicles will present a 
technology advanced development challenges, particularly for the large LTV and 

amount of wiling and electrical connections will pre se „, a varietv 0 f challenves in 
technology development (e.g, in-space welding), and assembly operations (e^roblncsT 
As shown on the accompanying schedule, extensive ground tests must occur before any 
orbital work ran be untuned. The vehicle designs will be driven to a huge degree by the 
assembly factimes and technologies seen as being available during the vehiSTbutidap 
sequence. It should be notedthat the schedule was not developed specifically for an NEP 
vehicle. Advances derived from this development process along with flight Experience in 
earlier missions leading up to this evolutionary scenario could possibly .v-nt-w.,. , hc 
development plan considerably. 3 

Cryogenic Fluid Management 

The level of concern for technology development in the areas of cryogenic fluid 
management and storage wtil not be as for electric propulsion vehicles as for 4 high thrust 
systems, although many of the areas still remain important for the SEP vehicle The Areon 
(or Zenon) propellant utilized for the electric propulsion system will be in a cryogenic lkfuid 
state, and will require long term storage and management technology levels similar to those 
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Depot Concept for Support of CAP Vehicle 
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Depot Concept for Support of NTR Vehicle 










ET Shielded Depot Configuration 
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Gravity Gradient Stabilized Depot Configuration 
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• As high boil-off and transfer rates are cause for launch of an extra tank to 
depot, additional insulation or closer launch centers are required to keep down 

losses due to boiloff 




NTR Depot Configuration Propellant Requirements 
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NTR Depot Configuration Propellant Requirements 



• Depot initially sized for Missions 1-3 capacity; additional tanks added during subsequent 
missions to add depot capacity to support Missions 5-6. 



Solar Panel / Power Parameters 
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Truss structure shall Incorporate deployable 

design to minimize EVA demads. • Reboost / deboost engines feed from 

tank residuals, necessitating resupply 
mission timing to coincide with reboost 
phase. 
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Mars Depot Architecture Concept Options 


ffl 

y § 

s i 

< * 



J « 

< v> 

K • 
U 8 

2 & 
Ul * 

a 


CO 









Mars Environmental Issues 


CO 

c 

o 

0 
► mmm 
> 
CO 

05 

To 

E 


c 

CO 


0 

05 

5 

0 

> 

CO 


0 0 

a. r 

2 i- 

Q 

_ X! 

TO ,2> 

5 ^ 

o ® 


0 

o 

t: co 

5 S 


“O 

o 

£5 


t w w w 

E is -L _Q 


0 


«1 
«i 


o 

co 

X2 

0 

E 


o 

$ 

>< 

0 


c 

0 


CO 

0 

> 

0 

0 

E 

o 


5 

o 

c 


0 

5 

0 


O 

0 

Q. 

CO 

3 

0 

o 

0 

c 

o 

0 

0 

0 

0 

O 


0 . = 


S 1 


o 

0 


= " 0 


£ O 


0 

-Q 

o 

o 


0 
0 
C J2 
O 

*— 0 
0 


0 

0 


0 

0 


o 

0 


-- 0 


0 

0 

£ 

0 


0 -= 


O 

0 §> 
£ 0 

2 "g 


05 

C C 

? I 

0 *— 

0 S 

E -2 

— 0 


0 

C 

0 

05 

C 

»» 

0 


o 

o 

c 

0 

0 

c 

0 

0 

E 

co 

co 


o 

T5 

c 

0 

0 

0 

c 

05 

C 

s 

© 

CL 

o 


CO © 
O £ 

E o 

0 _n 


c $ 

0 o 

o 5 


0 

0 

c 

0 

E 


c 

0 

0 

O 

0 

t 

3 

0 


0 

$ 

0 

0 

0 

0 

0 

E 

0 

0 

Q. 

0 

0 

0 


CO 

-Q 0 

0 "co 

5 E 
o E 
— 0 

o •*- 

3 0 

E 0 
0 

05 — 
C 0 

i -i 

-C o 

i 0 

0 Zz 

o. o 
0 co 
£ co 


■D O 


(0 "5 

Q> O 

c o 

Z. 05 

0 

0 
0 
0 


0 

E 


0 
c 
o 

= 0 
0 T5 

0 | 
Ql 3 

~ 0 

UT 

o 0 

-Q x: 
o _ 

-C 0 

CL 3 

>, E 

i| 

O 

"E 

5 > 
3 5 

0 05 


0 

O 

Ol 

o 

Q. 

05 

C 

05 

0 

0 

O 


05 0 
•= O 

. co 
0* ^ 

o w 
o3 ® 

O) 5= 
C c 

« o 


11 

o * 
O o 

0 £ 
0 

c 0 
c 0 

5 0 

i 8 

© ■o 

CD 0 

0 E 






0 

0 


C 

»«p 

0 

d 

0 


0 

111 


0 

0 

0 


co" o 


0 O 

o © 

*c E 
0 o 

S.® 

0 -J 

o o 

E gl 

__ 0 

0 T3 


O 

"O 

0 

£ 

0 

no 

c 

o 

m 


o 

0 

•* 

0 

0 


“U 

C 

3 

O 

0 

0 

s 

o 

© 

£5 


0 

> 

O 

0 

C 

o 

0 

0 


m 0 


0 

0 

a 

E 

0 


0 

0 

Q. 

E 

o 

o 


o 

0 

o 

0 

Ol 

0 


O CO 

1 * 
m X 
JD 0 

= " 5 . 

0 £ 

0 O 
0 O 

0 .5= 

£ ° 

0 ^ 

8 8 
to E ~ 

35 5 " 

o T 3 

c c 
” 0 
JO 0) 

X O 
0 .Q 

>s ® 

8 £ 

I s 

3 c 
■O XJ 
«. 0 

° ro 

co Q. 

© E 

.Q 0 

1 § 
is a 


■s I 

C CL 

0) J- 

o ro 


a. 

O 

•* 

X 

3 

0 

C 

Q. 

o 

E 

0 

o 

0 

a 

3 

0 

0 

0 

£ 


© 

0 

> 

0 



“O 

0 


a 

0 

0 

•n 

E 

3 

0 

0 

O 

0 


0 

2 

o 

"co 

0 

c 



3 


=6 

C 

o 


05 

o 

c 

XI 

5 

CVi 

0 

0 

Q. 


o 







general dynamics 

Mars Environmental Issues Space Systems Division 



Mars Surface Environments 

- Diurnal/Seasonal f/insolation varialions 

- Winds/Dust Storms 
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The Minimum Science Program and Full Science Scenario are only two of the many scenarios that can be 
envisioned for human Mars exploration programs. It is unlikely that a Mars propellant depot would be 
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SECTION 6 


PROPELLANT DEPOT TECHNOLOGY REQUIREMENTS 


There are a number of technology issues that must be resolved in order for a zero-g cryogenic 
propellant storage depot to be viable. Other technology issues warrant attention because thev could 

v 

-provide cost and operational advantages if resolved. Most of the cryogenic fluid management 
issues presented here must be addressed with orbital flight experiments. A summary of the depot 
technology needs and their criticality ratings are presented in the charts "Depot Technology 
Needs". 

There arc five thermal control issues: degradation of insulating ma teria] due to exposure to space 
environment, development of low thermal conductivity materials, degradation in the performance 
of thick Multi-Layer Insulation (MLI) due to launch effects, development of para to ortho 
converters, and development of multiple/coupled Vapor Cooled Shields (VCS). Understanding the 
degradation of the insulation due to launch and long term space environment effects will prevent 
the need for overdesigning insulation systems to ensure adequate performance. Development of 
low thermal conductivity materials can reduce the heat leak into cryogenic tanks through 
penetration, such as supports, plumbing, and electrical lines. Para/ortho converters male* use of 
the endothermic process that hydrogen undergoes in changing from from its para to ortho form. 
This process occurs by itself as para hydrogen vapor warms up. However, it is too slow to be of 
any use without the aid of a catalyst By converting vented hydrogen in a para/ortho converter, 
heat that otherwise would have gone into the tank can be absorbed and then dumped overboard. 
Development of a multiple/coupled VCS would also provide for more efficient venting by 
intercepting incoming heat with the vent gas before it goes overboard. All of these thermal control 
issues have the payoff of reducing boil-off and/or insulation system weight 

The issues associated with pressure control are: predicting and increasing Thermodynamic Vent 
System (TVS) performance to allow efficient control of tank pressure by venting only vapor, 
dete rminin g the amount of fluid mixing required to control stratification/rapid pressure rise in the 
tank, and developing refrigeration or reliquifaction systems to convert the boil-off back to liquid. 
A TVS is a device for controlling tank pressure. Liquid from the tank flows through a Joule- 
Thompson valve where its pressure (and temperature) are reduced at constant enthalpy. This 
colder two phase fluid then flows through a heat exchanger in the tank to absorb heat, thereby 
reducing the tank pressure. The fluid exiting the TVS can then be supplied to a VCS, which is 
embedded in the MLI. Thus, a TVS and VCS combination provides a very efficient method of 
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controlling tank pressure. If the fluid in the tanks stratifies, then venting can be delayed by mixing 
the tank contents to bring the liquid and ullage into thermodynamic equilibrium. The minimum 
amount of fluid mixing must be determined so that excess energy is not added to the tank contents. 
Refrigeration or reliquifaction systems are an alternative to venting, where the boil-off is eliminated 
or reliquified. The drawback of these systems are that they require electrical power and they are 
quite heavy. Also, reliable, long-life space qualified systems do not exist. The payoff from these 
pressure control issues is a large reduction in the amount of crvogens that would be vented/dunaped 

trying to control tank pressure in zero-g. 

The liquid acquisition issues are: predicting Liquid Acquisition Device (LAD) performance and 
determining the heat leak threshold where the screen dries out causing LAD failure. (Heat leak 
enters the LAD through its supports.) This technology must be developed in order to be able to 
reliably obtain single phase liquid from cryogenic depot tanks. 

Pressurization issues include: determination of pressurant collapse in zero-g so that autogenous 
pressurization systems can be properly sized and development of long life space qualified 
cryogenic pumps and/or compressors (for both the autogenous pressurization system and transfer 
system). The amount of pressurant collapse in zero-g is not known and bounding calculations 
show an order of magnitude uncertainty in the amount of pressurant required with relatively high 
liquid fill levels. The payoffs in this area are weight and operational savings with properly sized 

systems. 

Advanced instrumentation needs development in the areas of: quantity gauging to determine liquid 
inventories in zero-g, mass flow/quality metering to aid in determining the amount of propellant 
transferred, l eak detection devices that operate in space, and liquid/vapor sensors for determining 
liquid/vapor interfaces in tanks and lines. Development of zero-g quantity gauges is essential for 
deter minin g storage depot inventories, while the other instruments simplify operations and 

main tenance. 

t iq niH handlin g issues include: understanding how to control liquid dynamics/slosh due to docking 
and reboost perturbations to the zero-g environment and determination of fluid dumping/tank 
inerting procedures for emergencies. The latter being extremely important for safety 

considerations. 

Liquid transfer technology issues are: development of efficient transfer line and tank drilldown 
methods, verification that acceptably high fill levels can be achieved with the no-vent fill process, 
and determination of how to successfully fill a LAD in zero-g. The payoff of effident drilldown 
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processes is propellant and possibly operational savings. The verification of no-vent fill and LAD 
fill procedures are essential for a zero-g cryogenic storage depot. 

The development of efficient 02/H2 thrusters for reboost offers a sizable weight savings over other 
options (such as storable propellant thrusters) which have a lower specific impulse, Isp. These 
thrusters would also eliminate the need for resupply of large quantities of storable propellants. 
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SECTION 7 


ORBITAL PROPELLANT DEPOT COST ASSESSMENT 

7.1 GROUNDRULES & ASSUMPTIONS 

The cost section of this study is set up to evaluate the differences in Life Cycle Cost for various 
mission scenarios. Each case is set up to accommodate the Minimum Science of Full Science 
manifest schedule. A s ummar y is given in the charts “Cost Groundxules and Assumptions”. AD 
costs are ROM estimates for preliminary planning and trade study comparison purposes only. The 
costs are presented in constant year 1990 millions of dollars. It is assumed that all of the 
technology needed for the tasks outlined is available. The costs associated with ground facilities 
are not included in any of the estimates. In addition, a probability of 100% launch success is 
assumed. 

A range of Earth-To-Orbit (ETO) vehicle costs were given by Boeing Aerospace: $1,000/lb to 
S3000/lb. The S1,000/lb figure was used for this study. The exception to the above is the first 
launch associated with the depot. This launch only takes up the structures and mechanisms, 
without tanks or fuel, and is much lighter. A S150M launch vehicle cost aUocarion is used for this 
flight (in each appropriate mission scenario). The DDT&E costs include one shipset of a 
production article for design evaluation and test, and 0.75 of a shipset for inidal spares. The 
logistics spares have not been included in the cost estimate. Other figures used in the estimate 
include; EVA rate at $201 K/hr, IVA rate at $23 K/hr, learning curve of 90%, and a rate curve of 
95%. 

7.2 METHODOLOGY 

* 

The cost estimating methodology incorporates a parametric cost model as the principal tool for 
development of life-cycle cost estimates, as shown in the chart “Cost Methodology”. Parametric 
mrvVic can be used to efficiently produce credible cost estimates with limited input data and design 
definidon typically available early in the study process. The process used consists of developing 
cost estimating relationships (CERs) for each WBS element using our cost and technical data base, 
gathering specific technical data, and entering the CERs and data into the cost model. 
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7.3 WORK BREAKDOWN STRUCTURE 

c avdo shows the framework used for this smdy, as shown in the 

Work Breakdown ^ ^ dcfmc d element. the 

"T^o^porr (program management, —^ ^£ £ 

nrjr=sssss==~ -— 

to be included in the ETO vehicle costs. 

7.4 COST SCENARIOS 

• , are broken down by mission scenarios, as shown in the chart “Cost Scenarios 
T C T r^e ^ rCuis.ve (CAP) MTV is used for the Minimum Science Scenario 
and theTiuclear Thermal Rocket (NTR) MTV is used for the Full Science Scenario. Three options 
were considered for each scenario. The particular manifests for each option, and sensitivity, 

discussed in the trade study analysis section. 

7.5 LIFE CYCLE COST 

The Life Cycle Costs (LCO for the missions associated with the Minimum Science Scenario are 
? '^e 'Me Cvcle Cost Overall Summary - Minimum Science with CAP" chart. The LCC 

ofdTcLct launch of full CAP fuel tanks is $8,732M, which is the most cost effective case. e 

ff from tanker case only differs by the cost to develop and produce the tankers, w ereas 
;:: ff from depot case requires development and production of the depot as well as additional 

ETO launches. 

_ _ ,. r „« 5 oca for the missions assodatad with the Full Science Scenario arc shown 

ontite 4ife Cycle Cost Overall Summary - Full Science witi, NW" d^Agaia the LCC of die 
toa launch of full NTO fuel tanks is the most cos. effective case at S16440M. 

. i a “i if. Cycle Cost Breakdown - Minimum Science with CAP” shows a funding 
^ 'T a ^ M1= supporting tite Minimum Science Scenario. The IOC for 
T* £OT The dip in the curve that occurs in 2018 is 

^ oase ts 2012 Z* tank dehvery and the spread based on our hem 

due to the amoun funding occurs in 2012 at $1,490M. A breakdown of the 

dismbunonf ^ ^ ^ & ^ foBowing ciaru “Depot Recuning Cost Breakdown 

HTml Science witi. CAT. A similar LCC funding profile for the Full Science Scenarto. 
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“ *!“ “ “ Life C >' c ‘= C °* breakdown - Foil Science with NTR" chan, 
e IOC for this sccnano is 2008, with the peak funding in 2018 at S1.360M. 


7.6 


COST SENSITIVITY TO MTV BOELOFF RATE 


, SCn$mVlty ChmS “ B ° ii0ff Scnsirivities * Minimum Science (Depot)” and “Boiioff 

Sensitivities - Minimum Science (Tanker)” summarize the results of the CAP fuel tank boil-off rate 

. sensmvraes for the depot and tanker top-off cases, respectively. The LCC of the baseline cases 

wtoch art the same as seen on the 'life Cycle Cost Overall Summary - Minimum Science with' 

ef£L are j‘ 15 " 94M fOT d 'P0‘ “ d ».612 for the anker, which am the most cos. 
effeenve cases. The cost differences am mainly due to the difference in the total number of ETO 

jatmehes. the number of fuel units necessary, and the number of years spmad for the fuel tank 

In addition, the difference between the LCC for the depot top-off case and anker top-off case 
^7“ “ ‘ he ^ “■ ^ ™ tr at a MTV botioff 

7.7 CONCLUSIONS AND RECOMMENDATIONS 

■nte “Cos. Conclusions and Recommendations" chart summarise the results. The dime, launch of 
dm Mars Transfer Vehicle units is tite most cos. effective case in bod, the Minimum Science 
Scenano and the Full Science Scenario. Thts ts due to the fact that the dime, launch case always 

— “ In addition, dtem me some costs 

cost) Which “tT " K * he ta ” ker * lld dcp0t cases (i ' c ' ■*“ 8 ro "“ d production facilities 
w>st) which would increase the cost differences. Them is a higher technology risk assccamd wid, 

the depot and anker cases and a greater risk for failures due to dm number of fuel transfers 

reqtnred^ The benefits, however, might outweigh the risks. By using a depot them would be a 

decreased nsk m tmsston completion and scheduled delay due to tile smrage of earns fuel for the 

MTV. Funher system definitions and sensitivity studies me recommended to dewontn. optimized 
depot and tanker scenarios. 
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The cost estimating methodology incorporates a parametric cost model as the principal tool for 
development of life-cycle cost estimates. Parametric models can be used to efficiently produce credible 
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SECTION 8 


CONCLUSIONS AND RECOMMENDATIONS 
8.1 CONCLUSIONS 

The bottom line cost analysis results of this study show the direct Barth to Orbit launch of the Mars 

Transfer Vehicle tanks full of propellants, adequate to accomplish the Mars mission without 

topping-off with additional propellants prior to mission departure, as being the most cost effective 

option for both the Mi nim u m and Full Science Scenarios. This is because the direct launch case 

requires the least number of Barth-to-Orbit Vehicle launches in a success oriented approach to the 

operations and cost analyses. However, there may be higher on-orbit risks involved in the direct 

delivery and top-off delivery options because of potential vehicle loss due to possible puncture of 

the vehicle tankage by meteoroid or space debris impacts. Consideration of this risk may provide a 

different outcome in favor of a propellant depot to support the Mars missions. It was also shown 

that there is only a narrow margin of benefit in the direct launch and top-off options over the 

propellant depot for the full science scenario. And as the Mars vehicle boiloff rates approach 6.5% 

per month the propellant depot costs reach a break even point with the other propellant delivery 
options. 

Other conclusions reached in this study related to depot applications are as follows: 

• The depot should be located in low Earth orbit 

• The depot should be separate from Space Station Freedom and operated in a co-orbiting mode 

• The propellant transfer methods should include zero-g transfer capability 

It was apparent that two launch pads will be needed to support the full science missions 

less than 90 day launch centers are required. Possible surge capabilities due to catas trophic failures 
on-orbit also add to the need for at least two launch pads. 

These conclusions are summarized in the chart “Orbital Propellant Depot Study Conclusions”. 
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8 2 RECOMMENDATIONS 

Further system definitions and sensitivity studies are recommended to determine optimized LEO 
depot and tanker scenarios. These studies should include the non-success onented aspects of 

mission operations and possible outcomes. 

Mars depot requirements need to be further examined and evaluated to define appropriate 
architectures for implementation of the Mars exploration program. These Mars depot definitions 
should be exploited to reveal commonalities impacting low Earth orbit facilities. 

These recommendations are summarized in the chart “Orbital Propellant Depot Study 
Recommendations”. 
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for liauid oxygen storage for the chemical vehicles. Cryogenic storage issues relating to 
ECLSS fluid^and lander/ascent vehicle propellants will remain as well. A preliminary 
technology schedule is presented for cryogenic fluid system development for Mars mission 
applications. The cryogenic fluid systems schedule includes S^-hased then^ contr 
and selected component fluid management (tank pressure control, liquid acquisition device 

effectiveness, etS tests, as well as planned flight IfEy“f 

tubsvstem development (selected components) and venfication/validation tests. Many oi 

the technology issues will be answered during the technology/advanced development work 
m b^cSried^uffor a Lunar program. The major technology obstacles to be overcome by 
an NEP storage system are in the areas of high reliability long term themal control systems 
(particularity 2 to the landcr/ascent tanks), and orbital/flight operations (fluid transfer, 

acquisition, etc.). 

Summary some 0 f the identified critical and high leverage technology 

development issues are common across all of the major vehicle opuons. Common enneal 
technology issues include low-g human factors, autonomous h eal& momtormg, 

long term cryogenic storage and management (H2, and possibly 02 for ECLSS), long 
duration ECLsI, radiation shelter material and configuration, and m-space assembly. 
Unique SEP technology issues center around efficient solar power systems a^ ^ccmc 
thruster/PPU development. Common enhancing technologies include cryogenic 
refrigeration (lander tanks), 02-H2 RCS, advanced in-space assembly techniques, higher 
Isp CTyogenic engines, and advanced structural materials development 
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Technology Development Concerns and Schedules - Nuclear Electric 
Propulsion (NEP) 


Critical technology development issues relating to the reference NEP vehicle are 
presented in this section. Where applicable, the same charts are also included in the CAB, 
CAP, NTR, and SEP IP&ED documents. The focus of this section will be to bring out the 
most’important issues relating to the reference NEP vehicle, and to present preliminary 
technology development schedules for these issues. The issues are presented here in outline 
form, beginning with the most important, with accompanying schedules wherever 

possible. 

Nuclear Power System and Shielding Technology Development 

One of the two most important areas of technology and advanced development for 
this vehicle option is the development of an integrated nuclear electric power system. A 
preliminary schedule for the development of a NEP propulsion system for a Mars vehicle is 
nresented. which includes an integrated timeline for both of these technology development 
concerns Die schedule highlight both the point where a full scale development decision 
“TLh. ” 6). and when the first flight article will be available to the vehicle 
program (year 17). The most important area of development for the NEP option is the 
design, integration, and life testing of a space qualified multi-megawatt nuclear power 
system, capable of a 10 year lifetime. Major challenges to be overcome in the achievement 
of a long life efficient system lie in high temperature materials, liquid metal power 
conversion system development, and reactor design. In order to increase the efficiency of 
the power system, higher system temperatures are required. Materials capable of 
continuous operation above 1600K will be needed inside the reactor, and above 1500K in 
the conversion system components. Reactor design studies will focus on such technology 
concerns as high temperature fuel development, reactor and fuel designs with high bumup 
capability, high reliability control systems, and safing issues for flight operations. Long 
term life testing must be carried out for the power system (including reactor), to verify long 
term system reliability. A related technology development challenge for the program will 
probably be test facility design and development. Past space program nuclear tests were 
carried out in a testbed facility open to the atmosphere. Future test facilities must be closed 
in order to contain any fission products escaping from the system, as well as contain any 
perceived accident. This facility may prove to be very costly to build and operate. Nuclear 
electric propulsion offers a potential performance superior to the chemical and NTR 
vehicles, at the expense of a more costly and lengthy technology and advanced 

development program. 

Electric Propulsion PPU/Thruster Technology Development 

The second major area of technology development for the NEP is in large scale 
electric power processing unit (PPU), and thruster design and development The 
development of long life PPU/thruster systems on a larger scale than currently available 
(MW level thrusters needed) is the major area of concern relating to the NEP concept. 
Thruster lifetimes on the order of a year or more (continuous) will be required for thrusters 
on the MW level in scale. Test facilities must be developed which are capable of suppomng 
the long term life tests for these high power level thrusters. Finally, high temperature 
power processing equipment must be developed to increase system efficiency and 

reliability. 


Life redundant long term life support system will be enabling for future 

exploration missions. The degree of closure of, and the reliability of the system are the 
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major technology development concerns. Low-g human factors determination will also be 
an tmportMt technoiogy consideration which will drive vehicle design. An integrated 
schedule of the major areas of the life support technology development task are presented. 
It includes radiation shielding and materials, regenerative life support, and EVA systems 
development. As before, the points where Lunar and Mars full scale development decisions 
can logically be made in the technology program are highlighted. 


Aerobraking (low energy) 

Low energy aerobraking will offer mission benefits in the areas of decreased 
demands on the descent propulsion system, and improved crossrange capability. This area 

SS? « I Va ? Cty ° f 1 f su 1 f s [ or tcchnol °gy development including high strength to mass 
rano stmctura 1 materials, high temperaturethermal protection systems (although not as high 

ZtJ lgh S aerSy acrob ?ans)’ ponies, assembly and operations, hypersonic test 
acuities and computer codes, and Mars atmosphere prediction. High strength structural 
material options include metal matrix composite, organic matrix composite, and advanced 
carbon-carbon elements. Other structural considerations include load distribution and 
attachment of payload for aerocapturc, and ETO launch and assembly of large structures. 

ES??* 011 systems “sues include low mass ablative and reradiating materials, and 
tureArS integration issues. The aerobrake maneuver will place considerable demands 
on die vehicle avionics system with the need for real time trajectory analysis, and vehicle 
guidance and control. The launch and assembly of the large aerobrake structure will present 
ground and space assembly and ops problems which will require technology and advanced 
deveiopment m both the areas of design and operations. Finally, computational analysis 
and amtosphere prediction capability will be critical in the development of a man-rated 
aerobrake for Mars use. A preliminary development schedule for Lunar and Mars aerobrake 
technology development is presented. It includes the major milestones for both ground and 
flight testing. The points where a Lunar and Mars full scale development decision can be 
made arc also highlighted on the schedule. It should be noted that this schedule was built 

with high energy aerobraking m mind, and will possibly be compressed to some degree if 
only low energy aerobraking is developed. 


Vehicle Avionics and Software 

Although the technology readiness level of vehicle avionics and software is ahead 
of many of the other technology areas listed in some respects, the demands on the system 
m the areas of processing rate, accuracy, autonomous operation, and status/health 
monitoring^will drive technology and advanced development in areas not fully defined at 
this point. Software requirements cannot be fully determined until the vehicle design is at a 
more finished stage than the current levels. A preliminary schedule for autonomous 
systems development is presented. The decision points for full scale development The 
co mm u n ications system options can be more fully defined before a final vehicle design is 
produced, however. A technology development schedule for advanced communications is 
presented. The NEP vehicle may not place the same level of demand on the avionics system 
m the area of trajectory analysis, but will likely place more demands on the system in the 
areas of status/health monitoring, and autonomous operation, fault diagnosis and 
correction. 


In-Space Assembly and Processing 

The in-space assembly and processing of large space t ransfer vehicles will present a 
variety of technology advanced development challenges, particularly for the large LTV and 
MEV aerobrakes, and NEP vehicle. The large radiator structure, along with the many liquid 
roc tfrl pipe high pressure joints which must be ma d e in orbit will present a variety of 
challenges in technology development (c.g. in-space welding), and assembly operations 
(e.g. robotics). As shown on the accompanying schedule, extensive ground tests must 
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occur before any orbital work can be initiated. The vehicle designs will be driven to a large 
degree by the assembly facilities and technologies seen as being available during the vehicle 
buildup sequence. It should be noted that the schedule was not developed specifically for 
an NEP vehicle. Advances derived from this development process along with flight 
experience in earlier missions leading up to this evolutionary scenario could possibly 
accelerate the development plan considerably. 

Cryogenic Fluid Management 

The level of concern for technology development in the areas of cryogenic fluid 
management and storage will not be as for electric propulsion vehicles as for the high thrust 
systems, although many of the areas still remain important for the NEP vehicle. The Argon 
(or Zenon) propellant utilized for the electric propulsion system will be in a cryogenic liquid 
state, and will require long term storage and management technology levels similar to those 
for liquid oxygen storage for the chemical vehicles. Cryogenic storage issues relating to 
ECLSS fluids and lander/ascent vehicle propellants will remain as well. A prel imin ary 
technology schedule is presented for cryogenic fluid system development for Mars mission 
applications. The cryogenic fluid systems schedule includes Earth-based thermal control 
and selected component fluid management (tank pressure control, liquid acquisition device 
effectiveness, etc.) tests, as well as planned flight experiments to carry out system and 
subsystem development (selected components) and verification/validation tests. Many of 
the technology issues will be answered during the technology/advanced development work 
to be carried out for a Lunar program. The major technology obstacles to be overcome by 
an NEP storage system are in the areas of high reliability long term thermal control systems 
(particularily for the lander/ascent tanks), and orbital/flight operations (fluid transfer, 
acquisition, etc.). 


Summary 

As noted before, some of the identified critical and high leverage technology 
development issues are common across all of the major vehicle options. Common critical 
technology issues include low-g human factors, autonomous system health monitoring, 
long term cryogenic storage and management (H2, and possibly 02 for ECLSS), long 
duration ECLSS, radiation shelter material and configuration, and in-space assembly. 
Unique NEP technology issues center around nuclear power systems and electric 
thruster/PPU development. Common enhancing technologies include cryogenic 
refrigeration Gander tanks), O 2 -H 2 RCS, advanced in-space assembly techniques, higher 
Isp cryogenic engines, and advanced structural materials development 
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Conclusions 


Conclusions of the specific Level II trades were presented in the summary and 
with each trade description. The Level II trades, taken as a whole, illuminated 
sensitivities and leverages of systems and technologies. They provide the 
knowledge base as to how systems and technologies perform and how they can be 
integrated into mission systems. These trades, together with the vehicle concepts 
described in the other volumes of this document, are the basis for in-space 
transportation architecture synthesis. 

A significant result of the study is that selection of a preferred mission 
architecture depends on overall mission objectives and activity level. More 
ambitious programs justify greater investment in technology advancement and in 
development of advanced systems. Because mission objectives and activity level 
have not yet been decided, and because of uncerteinties in costs and performance 
of many of the technologies, final architecture selections cannot be made now. A 
program strategy for technology advancement and initial development is needed. 

Top-level recommendations for SEI program strategy were developed. These 
recognize that lunar and Mars exploration will start with modest objectives and 
evolve as a result of early mission achievements and scientific findings. An 
ambitious lunar program could significantly defer human Mars missions under 
likely funding constraints. Similarly, an ambitious Mars program could limit 
lunar activities to high-priority scientific objectives. 

Our recommended SEI program strategy is evolutionary, allows changes in 
emphasis, and keeps options open. This strategy is expressed as architecture-level 

technology and program recommendations: 

(1) Begin the manned lunar program with a tandem-direct expendable system. 

(2) Invest in cryogenic storage and management technology and in a 30K -class 
advanced expander cryogenic engine with 10:1 or better throttling capability. 
These activities are candidates for advanced development. 

(3) Baseline nuclear thermal rocket propulsion for Mars. Initiate a technology 
advancement program with emphasis on (a) high-performance fuels and (b) full- 
containment ground test facilities. 

(4) Accelerate aerobraking technology for Mars aerocapture as a backup to the 
nuclear rocket, targeting a decision between the two in the 1996-2000 time 

frame. 
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(5) Perform aerobrake tests on the LTV booster, to put the technology on the 
shelf for Mars application. 

(6) Designate solar-electric propulsion (SEP) as a "dark horse" for Mars 
transportation, and conduct a technology advancement effort aimed at removing 
the barriers to a high-performance, economic SEP system. 

(7) Continue the present emphasis of the nuclear space power program on near- 
term systems applicable to planet surface power, but augment with (a) further 
studies to better understand the probable cost of nuclear power systems suitable 
for electric propulsion, and (b) modest funding of high-leverage high- 
performance power conversion technology. 

Additional information on these recommendations may be found in the final 
technical report for the study. 
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Oxygen Delivery Mission Description 
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Cryo vs. NTR LTV Comparisons 
* Preliminary Estimates 
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Comparison of Propulsion Options 
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Conjunction vs. Opposition Mars Profiles 
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Permanent science base 
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Lunar Program Comparison 
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Mars program scenarios 

This document describes the strategy, scenario, and some 
assumptions for each of three Mars program architectures. These 
scenarios were used to develop mission manifests which Madison 
Research will as inputs to their program cost models. Several 
questions remain. Can the specified number of MEV flights in each 
case really provide all the equipment needed to support the specified 
crew for the stated duration? What is the cargo of the MEV’s whose 
cargoes are currently listed as “stuff’? Despite these questions, 
enough detail is present to see the broad outlines of the programs, 
and thus to estimate their relative cost. 

A general assumption has been that the basic MEV can carry six crew 
to the surface, but that it cannot support more than four for 
protracted periods, e.g. 30 days. 


Minimum science— prpgrai 


The strategy of this program is to visit diverse Martian surface sites 
for brief human exploration, augmented by telerobotic 
reconnaissance. The program has three missions, identical but for 
the sites visited by each. A mission departs at every other 
conjunction opportunity, with the first departure in 2015. The 
propulsion technology is cryogenic all propulsive (CAP), and 100% of 
the hardware is expended in each mission. 


The crew size is six per mission. All crew members visit the Martian 
surface, some perhaps twice: three or four crew shortly after arrival 
in Mars orbit, and three or four shortly before departure for Earth. 
The first surface crew stays 30 days, during which the crew explores 
locally using an unpressurized rover(s). After their return to orbit, 
the rover(s) telerobotically explores over a greater range, gathering 
samples. The second surface crew arrives in the most interesting 
area discovered by the rover(s). They conduct detailed local 
examinations and select the most valuable samples gathered by the 

rover(s) for return to Earth. 

(Note that the above plan is not the absolute minimum. The cost of 
the mission could be reduced by using only one MEV. For maximum 
science return, the landing should still follow unmanned - preferably 
telerobotic - reconnaissance to select the best site. This can be 
accomplished by sending a teleoperated rover in a small landing 
vehicle, followed a year later by an MEV. The choice is whether to 
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send all six crew, which may shorten the surface stay or call for a 
bigger (and more expensive) MEV, or to send only part of the crew 
which could be bad for morale. The two-MEV scheme was chosen to 
avoid this dilemma and to provide redundancy.) 

Full Science Scenario 

The full science program sttategy is to establish long-term bases for 
ar-ranging surface exploration. The program has six missions before 

7n<m A J ' 0lI °" C ° njUnCtl ° n tra i ectories . all use NTR propulsion (Isp 
1050), and the MTV is reused. 

Mission 1 

The first mission departs in 2009 with a crew of six. Its surface 

science program: an 

early visit leaves a telerobotic rover for broad reconnaissance, and a 
second visit lands at the most interesting site. The site for the 
second visit is selected for its suitability as a base location The 

second visit surveys the site, plants beacons, etc., and selects samples 
from the rover for return to Earth. 

Mission 2 

The second mission departs in 2013 with six crew, reusing the MTV 

from the first mission. It has three MEVs: one to deliver a hab 

module for six people, one to deliver power systems and 

consumables for the hab,. and one to deliver the six crew and a 

pressurized scientific rover. The crew stays on the surface for about 

a year, deploying and outfitting ’ the habitat, then exploring in the 
rover. 

Mission 3 

The third mission departs in 2015 with six crew, using an all-new 
MTV (the first MTV is still at Mars). The three MEV’s carry an 
additional hab/lab module, consumables, a crane to unload modules 
from the landers, scientific equipment, and the crew. The crew stays 
down one year installing the new module, moving the old module 
from its MEV to the surface, mating the two modules, and exploring. 

Mission 4 

The fourth mission departs in 2019. It uses the original MTV, but 
has a new habitat for its twelve crew. One of its three MEV’s’ carries 
a CELSS module to make the base more self-sufficient. Another MEV 
carries 6 crew and a new pressurized rover. The third MEV carries 
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six more crew, consumables, and ISRU equipment. The crew install 
and operate the new module and equipment, as well as continue 
exploration and science. 

Mission 5 

Mission five departs in 2021. It uses the second MTV with a new 
hab for twelve crew. This mission has two regular MEV's and two 
mini-MEV's. The minis make two visits to the region of a second 
possible base. The first mini explores locally and leaves a telerobotic 
rover; the second visits the best site found and surveys it for a new 
base. The mini- MEV visits and the MEV surface stays can be timed 
to give each crew member a visit to both regions of the planet. 

(This mission plan is questionable. Only mission 5 uses a mini-MEV; 
perhaps the mass savings do not justify development of this new 
piece of hardware for so limited a role.) 

Mission 6 


The sixth mission departs in 2023. It uses the first MTV with a new 
reactor (each reactor is good for three missions). There are twelve 
crew and four full size MEV's. Six crew and one MEV visit the 
original base, performing maintenance and continuing the regional 
exploration. The other six crew and the three other MEV's land at 
the new base site, essentially repeating mission 2 to establish a base 
at the new location and begin exploration. 


SpttUmpnt Scenario 


I 


The settlement program strategy is to quickly establish the 
infrastructure needed to economically support large numbers of 
people on Mars. Science is supported as a secondary objective. The 
program includes seven missions before 2020, all using conjunction 
trajectories. The first two missions use expendable CAP technology, 
but all subsequent missions use NEP (Isp of 10,000 was assumed). 
Reusable MEVs (RMEV) are used beginning with the fifth mission. 


Mission 1 

The first mission departs in 2007. It carries a crew of six and two 
MEV's. The first MEV lands for 30 days with 3 or 4 crew and an 
unpressurized rover. The rover telerobotically explores the area 
after the MEV ascends. The second MEV lands later in the most 
promising base site uncovered by the rover. The second surface 
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crew surveys the site, sets beacons, and collects samples from the 
rover. 

Mission 2 

The second mission depans in 2009 with six crew and three MEVs. 
One MEV cames a 6-person habitat. One carries a nuclear power 
plant, some consumables, and ISRU experiments. The third carries 
the crew and a pressurized bulldozer/backhoe that can serve as a 50 

T'u crew the P° wer P‘am (essential for frequent 

use of the bulldozer) and habitat, then begin'civil engineering 

experiments and site preparation for later missions. They also carry 

out some exploration and science, time permitting. The crew stays 
on the surface for a year. 

Mission 3 

M ‘f' on “I?' , de P“ s in 2011 - T l>‘ NEP vehicle carries twelve crew 
and four MEVs. Cargo delivered includes a constructible habitat, 
construction equipment, consumables, and a 1000 km rover. The 
rover can serve as a habitat for part of the crew until the 

constructible habitat is ready for occupants. The crew stays on the 
surface for over a year. 

Mission 4 


The fourth mission departs in 2013, delivering twelve crew and four 
MEV’s aboard a second NEP vehicle (the first is still at Mars when 
mission four departs). This mission delivers a CELSS system, 
consumables and spares, and lots of ISRU equipment. The ISRU 
emphasis is on atmosphere distillation for nitrogen and water, on 

on structural 

materials. The crew stays for over a year. 

Mission 5 

Mission five departs in 2015 with eighteen crew, three MEVs, and 
one RMEV. It delivers additional CELSS equipment, ISRU equipment, 
and an RMEV servicer. The crew installs the new equipment, refuels 
and reflies the RMEV, and leaves twelve people to stay on Mars until 
the next mission. The RMEV will have several flights left in its 

service life, it can be used as a rescue vehicle for long-range rover 
missions. 
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Mission 6 

The first truly large cargo delivery, mission six delivers eighteen 
crew and two RMEV’s. The RMEV's get five flights each, so the 
mission delivers 250 tons of cargo (currently not well specified) to 
the surface. The twelve crew left from the previous mission return 
to Earth, and a new set of twelve stay over until the next mission. 

Mission 7 

Mission seven is the first "steady state" mission, requiring no new 
equipment for the MTV besides the usual replacement of thrusters, 
propellant, and consumables. The mission requires only seven HLLV 
launches of hardware. It delivers 250 tons and eighteen crew to 
Mars, expends two RMEV's, and returns twelve people to Earth (only 
six, perhaps less, are needed to safely operate the MTV). Replacing a 
reactor on every third flight, this pattern can be maintained 
indefinitely, settling Mars at a rate of six to twelve more people 
every two years. 

(The tremendous cargo capacity of the last two missions suggests 
that the scenario should be replanned for earlier use of RMEV's and 
in situ propellant. This could greatly accelerate the arrival of large 
numbers of crew and equipment.) 
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Lunar/Mars Manifest Worksheet 
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Program Scales For Transportation 

Architecture Analysis 
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Mars Airplane (rrom orbit) 
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Note: These numbers indicate the year each mission was launched from Earth beginning in 2000. This numbering scheme remains 
constant for the return trip and stay times. 




Lunar Manifest Worksheet - Medium Scale 




Lunar 

Population 

4 Crew, 4-6 
days on LS 

4 Crew, 40 
days on LS 

4 Crew, 40 
days on LS 

4 Crew, 6 
months on 

LS 

6 Crew, 6 
month slay 

ETO 

Launches 

4 IILLV 

I Crew 

3 IILLV 

1 Crew 

4 IILLV 

1 Crew 

1 Crew 
(Cargo 
in STS 

night) 

1 Crew 
(Cargo 
in STS 
(light) 

Tankers 
in LEO 

<N <N 

Total 
to LEO 

2551 

• 

277 t 

174 t 

170 t 

1711 

1 

50 

2 © 

202 t 

220 t 

132 t 

134 t 

135 t 

Hardware Consumed 
(ETO Launch Rqls) 

2 LTVs, 1 Brake, 
Landing Legs 

ILTV, 1 Brake, 
Landing Legs 

1 LTV, 1 LEV, 1 
LEVCM, 1 

LTVCM, 

Aerobrake 

None 

(reuse everything) 

None 

(reuse everything) 

Transportation 

Elements 

2 LTVs, 1 

Brake, Landing 
Legs 

2 LTVs, 1 

Brake, Landing 
Legs 

1 LTV, 1 LEV, 

1 LTVCM, 1 

LEVCM, 

Aerobrake 

I LTV, 1 LEV, 

1 LTVCM, 1 

LEVCM, 

Aerobrake 

1 LTV, 1 LEV, 

1 LTVCM, 1 

LEVCM, 

Aerobrake 

Cargo 

Mass 

15 t 

15t 

3.51 

101 

lot 
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LTVT 

Dir/fo 

LTVT 

Dir/fo 

LOR 

LOR 
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Mission 
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Crew 
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2001 

2002 
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Population 
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year on LS 
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3 IILLV 
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in STS 

night) 
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(Cargo 
in STS 

night) 

Tankers 
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CS fS <N — " 

Total 
to LEO 

m -- ©s *t 
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Propellant 
to LEO 

V-» v© ** 

^ ^ ^ ^ Os o\ 

Hardware Consumed 
(ETO Launch Rqts) 

1 LTV, 1 Brake, 

1 LTVCM, 1 LEV, 

1 LEVCM 

None (reused LTV 
and LEV 
components) 
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LEV, LEVCM, 
Aerobrake 

None (reused LTV 
and LEV 
components) 

None (reused LTV 
and LEV 
components) 
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I LTV, I Brake, 
I LTVCM, I 
LEV, I LEVCM 

1 LTV, 1 Brake, 
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I LTV, 1 Brake, 
1 LTVCM, I 
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I LTVCM, I 
LEV, I LEVCM 
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Lunar Manifest Worksheet - Medium Scale 
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Mass Required On the Lunar Surface 
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Requires 54 tandem LTV cargo flights 
May use additional LLOX cargo flights 
(these have not been manifested) 





D615-10026-1 


1096 


Crew of 6 - All 6 will remain on surface; 

- Return crew from previous flight. 
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Note: These numbers indicate the year each mission was launched from Eanh beginning in 2000. This numbering scheme 
constant for the return trip and stay times. 
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1LTVCM, 1 (reuse LEV 1 Crew remain at 

LEV, 1 LEVCM components and (Cargo lunar base 

brake) in STS 

flight) 
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Lunar Modes Performance 

Crew Mission, 1 Ton Returned 
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Lunar Modes Performance 

Cargo Delivery Mission 
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Dir/fo 1-mod. ACRV, ACRV, Landing days on LS 

Service Module Legs, Service 

Module, replacable 
power supply 
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2009 

V 

U 

lor 

# 

Cargo 

Crew of 4 

2 

2008 

Science 

Cargo 

LOR 

Science 

Equipment 

Payload 

N/A 

3 

2006 

1st Overnite 

Stay 

LOR 

Payload 

Crew of 4 

2 

2005 

Campsite 

Delivery 

LOR 

LTV (Spare) 

Campsite 

Payload 

Aerobrake 

N/A 

3 

2004 

1st Manned 

LOR 

LTV 

LEV 

Aerobrake 

Crew of 4 

2 

YEAR 

Mission 

MODE 

FLIGHT 

HLLV 

1 

2 

3 

4 

CREW 

1 

TANKERS 
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